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ABSTRACT
Over the past 4 years the Microwave Applications Research Centre at the University of 
Wollongong, has been undertaking research directed at the recycling of zinc bearing 
steelworks dusts. Steelworks dusts are by-products of iron and steelmaking 
processes. There is currently no major method of recycling available and therefore 
dusts are generally disposed of by dumping and burying.
The research to date has covered five main areas. Those being;
1. Direct microwaving of briquetted dusts to eliminate zinc leaving a partially 
metallised zinc free product.
2. Microwave treatment of steelworks dusts and carbon followed by 'bath smelting' to 
produce pig iron, slag, and zinc oxide.
3. Use of steelworks dusts plus polyelectrolyte to achieve accelerated settling of 
solids in sewage influent.
4. 'Bath smelting' of the dewatered and dried iron dusts/sewage solids mixture 
produced in No.3.
5. 'Bath smelting of composites of steelworks dusts and peat or low rank coals.
This thesis describes research undertaken by the author in two of the five areas 
described above. Those being areas No's. 1 and 3.
The direct microwaving of briquetted dusts was carried out and results 
demonstrated that it was possible to produce a zinc free partially metallised product 
that would be suitable as a coolant for steelmaking operations. However, a number 
of technical problems associated with the process made the process uneconomical 
and continued development was ceased.
The second part of the research undertaken by the author involved developing a 
process by which steelworks dusts are disposed of by using a sewage treatment
process. Results indicated that the addition of steelworks dusts and a flocculant to 
raw sewage caused solids to rapidly settle leaving a treated effluent of a quality that 
may be safely disposed of at sea.
For continuity of this thesis, research carried out in areas No 2 and No 4 mentioned 
above are briefly described. This work has mainly been carried out by other staff at 
the Microwave Applications Research Centre at the University of Wollongong.
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Extremely fine dusts are generated during the operation of ironmaking and 
steelmaking processes. Depending on the source of the dust, these dusts may 
contain up to 50 percent iron. The dusts also contain carbon, alumina, magnesia and 
silica etc. They also, however, contain zinc and other metals that are often 
associated with zinc, such as cadmium and lead. The levels of zinc are dependent 
on the source of the dusts. Dust generated from the blast furnace may contain up to
0.5 percent zinc; dust generated from the BOF may contain up to 7 percent zinc; and, 
dusts generated from electric furnaces may contain up to 35 percent zinc.
The major proportion of these dusts cannot be recycled through existing iron and 
steelmaking operations due to the zinc levels and the fineness of the dusts. The most 
commonly used method of disposal of iron dusts is by dumping and burying. There 
are ,however, restrictions placed on the disposal of dusts in this manner. Restrictions 
are usually based upon the zinc contents of the dusts.
During recent years, with the growing awareness of the impact of the disposal of 
wastes on the environment, restrictions have been tightened. In the United States 
dumping restrictions have recently been placed that require dusts containing greater 
than 15 percent zinc be thermally processed, and dusts containing less than 15 
percent zinc be stabilised before they are disposed of by dumping and burying.
The various BHP ironmaking and steelmaking centres produce dusts. The current 
method of disposal is by dumping and burying, it is likely, however, that restrictions on 
dusts disposal will be tightened in the future as they have been elsewhere in the world. 
With this in mind, BHP Slab and Plate Products Division (BHP SPPD), contracted the 
Microwave Applications Research Centre (MARC), in 1988 to undertake preliminary 
research into the microwave treatment of dusts, with the ultimate aim of developing a 
suitable recycling process. This research covered preliminary bench scale work.
3 0009 02932 1606
2
Results from this work showed that by microwaving a mixture of carbon and iron dusts 
it was possible to remove zinc from the dusts and produce a partially metallised 
sintered product (see Appendix 1 for report). Encouraged by these results BHP SPPD 
requested a further stage of research be carried out in which a pilot scale process 
would be developed that should be capable of processing approximately 10 kgs 
per hour.
At this stage, two alternative processing routes were available. These were:
1. A continuation of the original work in which the steelworks dusts were microwaved 
leaving a zinc free , partially metallised sintered product ,and
2. The development of a process to produce a fully metallised product. This would 
involve using microwaves to preheat briquetted dusts to temperatures between 800 
and 900°C, and subsequently dump them into a molten Iron bath.
MARC, together with BHP, decided to take initial route. The author of this thesis was 
given the task of carrying out this research. Simultaneously, preliminary trials were also 
carried out on the alternative route by other members of the MARC staff.
Through the course of development and trialing of the pilot scale process developed 
by the author, it became apparent that the successful commercial development was 
not possible. It was therefore thought that further development of the alternative route 
should be carried out. About this time it was suggested by a member of staff that the 
carbon source required for reduction could be provided in the form of sewage 
sludge. It was further suggested that iron dusts could be used to to help settlle solids in 
sewage influent. It was thought that this concept would have the potential to go a long 
way in solving the environmental problems posed not only by the steelworks dusts, but 
also the problems posed by sewage effluent and sewage sludge disposal. The two 
areas of research then were;
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1. The developm ent of the iron dust assisted sedimentation process for sewage 
solids. Such a process would involve firstly mixing iron dusts into screened raw 
sewage, and subsequently mixing a flocculant into the mixture of raw sewage and 
dusts. It was envisaged that the flocculated iron dusts and sewage solids would 
have sufficient density so that the floe formed would rapidly settle leaving a treated 
sewage effluent that has most of the solids removed. The resulting sewage effluent 
could be safely disposed at sea, and
2. The development of the smelting process that would be capable of smelting iron 
dust /  sewage solids composites. The process would produce a pig iron product 
that could be used as a clean zinc free source of scrap for BOF operations, or if the 
chemistry was appropriate it could be used as a source of foundry iron.
The author was given the task of developing the iron dust assisted sedimentation 
process. The development of the smelting process was mainly carried out by others 
members of the MARC staff.
This thesis decribes the areas of research decribed above that were undertaken by 
the author. Recapitulating, these areas were;
- Direct microwave treatment of steelworks dusts, 
and,
- Development of the iron dust assisted sedimentation process.
For continuity of this thesis, very brief descriptions of the other areas of research that 
have been undertaken by others members of the MARC staff that were described 
above have also been included. Recapitulating, these areas were;
- The preheating of composites with microwaves followed by bath smelting, 
and,




2.1 DUST GENERATION AT IR O NM AKING  /STEELMAKING PLANTS
2.1.1 ORIGIN OF DUSTS
During ironmaking and steelmaking operations extremely fine dusts are generated 
ranging in size from 0.1 to 50 jim. Ironmaking dusts are produced when blast gases 
blow flue dust out of the blast furnace. Approximately 20 kgs of dust per tonne of hot 
metal are generated during ironmaking. The hot gases carrying the dust, pass initially 
through a dry dust catching system that removes between 60 and 70 percent of the 
dust. Depending on zinc content, some of the dusts are able to be recycled through 
the sinter plant. The remaining dusts are collected in secondary dust catching 
systems. The most commonly used of these systems are wet systems which produce 
a filter cake product. However, dry collection systems do exist(l). Typically, blast 
furnace flue dust contains between 30 and 40 percent iron, 25 percent carbon, and 
approximately 0.1 to 0.3 percent zinc.
Steelmaking operations also result in the generation of dusts. The dusts result from 
metal vaporization which may occur due to the high temperatures generated during 
oxygen lancing, molten metal boiling during refining, and tramp metals such as zinc, 
lead, and cadmium being fumed off at steelmaking temperatures. Steelmaking dusts 
may be collected in bag houses, scrubbers and electrostatic precipitators.
The zinc content of steelmaking dust is dependent on the type of scrap that is 
charged to the BOF. In modern steelworks where scrap availability demands that zinc 
coated scrap must be used, the zinc content of the dust may range from between 3 
and 7 percent.
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Dust is formed in electric arc furnaces in a similar fashion to that in BOF operations. The 
dusts formed from electric arc furnaces generally have zinc concentrations ranging 
from 15 to 35 percent. Such high concentrations are attributed to the high amount of 
zinc coated scrap being used.
In addition to dust wastes generated throughout intergrated steelworks, mill scale also 
represents a source of iron oxide waste that requires disposal. There are also other 
wastes generated such as oils and other organic wastes, lime fines etc., that require 
disposal.
2.1.2 DUST GENERATION AT BHP SLAB AND PLATE PRODUCTS DIVISION.
BHP currently produces approximately 50 000 tpa of dry dusts. Dusts are collected from 
the blast furnace and BOF.
Blast furnace gases are cleaned in a series of systems, which consists of, initially, 
passing the gases through a dust catcher, then a wet cleaning system, (a Venturi 
scrubber on most furnaces), and then finally an electrostatic precipitator. A small 
amount of the flue dust is recycled through the sinter plant. The remainder of the dusts 
in the form of a slurry are then transferred to a thickener. Zinc contents of these dusts 
are generally less than about 0.4 percent.
The dust generated at the BOF is estimated at 10 to 12 kg/tonne of the hot metal 
processed. Dust collection is via a two stage process. Both stages consist of venturi 
type quenchers that cool the gases to temperatures of approximately 70°C. Dust 
collection efficiency is very high with an initial dust concentration of 100 to 150g/Nm 
being reduced to a final concentration less than 0.10g/Nm3. Dusts are transferred to
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the same thickener as the blast furnace dusts. Zinc concentrations range from 4 to 7 
percent.
A filter cake product is taken from the thickener and transferred to a dumping and 
burial location. The zinc content of the filter cake product ranges from 2.5 to 5 percent.
In addition to iron dusts, other waste products, such as lime fines, mill scale, oils and 
coke oven baghouse dusts, require disposal.
2.1.3 CURRENT SITUATION CONFRONTING IRON AND STEELMAKERS
Iron dusts and other iron oxide waste products generated during ironmaking and 
steelmaking operations have traditionally been disposed of by dumping and burying. 
Only a small amount is recycled through sinter plants and blast furnaces.
In recent times more efficient dust extraction systems and operating practices have 
led to the capture of more and finer dusts causing an increased concentration of 
impurities such as heavy metals (Zn, Pb, Cr) in the dusts. These impurities inhibit 
recycling through sinter plants and blast furnaces. Blast furnaces are unable to recycle 
the dusts because impurity metals are volatilized at the hotter lower part of the stack 
and condense higher up on the colder burden and refractories. This leads to the 
impurities simply refluxing in the furnace, causing their concentrations to increase, 
which eventually leads to significant operating problems. For example, zinc oxide 
may condense on the cold walls of the flues eventually clogging passages to the 
extent that gas flow is inhibited. Zinc oxide also has a deleterious effect on alumina 
refractories causing them to eventually fail(2). Equally, sinter plants are not effective in 
removing heavy metal impurities as they operate under oxidizing conditions when 
reducing conditions are required for removal.
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With the advent of continuous casters and more efficient hot strip mills leading to 
greater yields, the amount of 'clean' scrap produced internally at steelworks has been 
reduced(3). This has increased the need for externally supplied scrap which in 
modern times inevitably contains more coated steel. The result is that waste dusts 
produced during steelmaking have higher heavy metal concentrations.
The foregoing discussion has demonstrated how the quantity of heavy metal 
contaminated dusts is increasing . Recent times have seen recycling through blast 
furnaces and sinter plants accounting for the disposal of only a small percentage of 
the dusts generated. This amount has actually decreased due to higher levels of 
heavy metal contaminants. Thus, the only major method of disposal for iron and 
steelmakers is dumping and burying. The higher contaminant levels, however, have 
made this method of disposal less desirable and regulartory authorities have moved 
to tighten restrictions on landfill disposal of dusts.
The environmental movement in recent years has grown and gained much support as 
people have become increasingly aware of the sensitivity of the environment to man 
made wastes. This awareness has been reflected in political decisions and 
regulartory authorities moving to tighten disposal restrictions. This has been particularly 
evident in the United States where the Environment Protection Agency(EPA), has 
introduced the Resource Conservation and Recovery Act. This Act states that from 
August 8 1990 high zinc dusts ( greater than 15 percent) which are generated in electric 
arc furnaces, must be reprocessed with a heat reduction method that reclaims zinc. It 
also states that low zinc dust (less that 15 percent) may be disposed of as landfill if it is 
chemically stabilized and if Cd, Pb and Ni concentrations meet certain restrictions^). 
These types of restrictions are not restricted to the U.S. and it is expected that in the 
future similar restrictions will be adopted by the Australian regulartory authorities.
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BHP Slab and Plate Products Division produces only relatively low zinc dusts, as does 
other BHP in tegra ted  steelworks. However, restrictions are continually being 
tightened. There are also mini mills in use, or under construction in New South Wales, 
Victoria and Queensland that produce high zinc dusts that will require safe disposal 
methods.
With no commercially operating disposal method available, the race is on to develop 
disposal methods both for high zinc and low zinc dust, that meet legislative 
requirements and predicted requirements. Section 2.1.4 briefly reviews some of the 
processes that are under development.
2.1.4 DUST TREATMENT SYSTEMS
2.1.4.1 LANDFILL DISPOSAL
In the U.S. about 75 percent of high zinc and all low zinc dusts are disposed of as 
landfill. Dusts have been listed as hazardous and moves are being made to tighten 
restrictions on the operation of landfill sights. The U.S. situation is that in which dust with 
>15 percent Zn must be thermally processed. Providing the residue conforms to 
certain guidelines, it may then be disposed of in unsecured landfill sites, otherwise it 
must be disposed of in secured landfill sites. Dusts containing <15 percent Zn may be 
disposed of in unsecure landfill sites if they have been chemically stabilized, otherwise 
they must be disposed of in secure landfill sites. A schematic illustration of the design 
of a secure landfill is shown in Figure 2.1.
9
LANDFILL— DOUBLE LINER
o Groundwater Monitoring Not Required
Figure 2.1 Schematic of secured landfill site (5)
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Costs for landfill disposal vary depending on factors such as:
- transport costs
- state and federal landfill taxes
- type of dusts
- capital costs for site purchase and preparation
- operating costs, including ground water monitoring, leachate collection and 
treatment in the case of secure landfill sites, and
- cost of closing, maintaining and insurance.
According to surveys carried out in the U.S. for EAF dusts, the total costs for disposal by 
landfill varies from $US25 - 125/ton of dust(5).
2.1.4.2 CHEMICAL FIXATION
As mentioned in section 2.1.3, in the U.S, low zinc dusts (<15 per cent) may be safely 
disposed of in unsecure landfill if they have been chemically stabilized. Chemical 
stabilization consists of binding the dusts together with a solidification agent. 
Solidification agents used in chemical fixation include, Portland cements, silicates, 
urea-formaldehyde and asphalt. During solidification the dusts become physically 
bound together and also, chemically fixed. Chemical fixing occurs when the dusts 
chemically react with the solidification agent. This may, for example, occur by ion­
exchange of waste components with the solidification agent, as in the case of heavy 
metals. In this way, surface area of the waste is lowered, the permeability decreased, 
and the leach rate of contaminants drastically reduced.
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As mentioned in section 2.1.3, the direct recycling of blast furnace and BOF dusts 
through the blast furnace or sinter plant is only appropriate if heavy metal levels are 
kept low (zinc somewhere less than 0.4 to 0.2 percent). Some companies have carried 
out recycling on the lower zinc BOF dusts. Bethlehem Steel's Sparrow Point plant 
operated a direct recycling plant which agglomerated steelmaking dusts so that they 
could be fed to the BOF or open hearth. It was, however, shut down as it was too costly 
to be justified when open hearth operations ceased in 1984(3). Other methods of direct 
recycling have been tested which involved briquetting dusts, sometimes with the 
addition of coke to supply carbon for reduction^).
Other methods also exist, such as cold bonding for blast furnace use. This method 
involves briquetting the dusts with cement, and lime or silica. Operating costs are high, 
and composites have tended to break down in upper parts of the stack. As a result, 
this method is no longer commercially used by any company(5).
Direct recycling also offers a method of recycling for EAF operators with high zinc 
dusts. Continuous recycle of EAF dusts will have the effect of concentrating the zinc, 
lead and cadmium to a level that can eventually be refined by a zinc refiner. This level 
is usually greater than about 50 percent Zn. The energy requirement for furnace 
operation is higher when recycling due to the energy required for the reduction of iron 
and zinc oxides, decomposition of carbonates and hydrates, and moisture 
vaporization. Energy increases have been reported in the range of 10-30 kWh/tonne 
of steel(5).
2.1.4.3 DIRECT RECYCLING
EAF d irect recycle  systems m ay be fed  w ith agglom erates such as pellets and
briquettes, or w ith as co llec ted  dusts. Direct recycling may c rea te  m eta llu rg ica l
problems depend ing  on the dust com position. This m ethod  of recyc ling  m ay
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therefore not be suitable for some operators. It has been estimated that direct 
recycling may cost $US40 - 60 per ton of dust. A schematic of a direct recycle dust fed 
system by Uddeholm is shown in Figure 2.2. In this system a secondary dust containing 
50 percent Zn is produced from a primary EAF dust containing 18 percent Zn(4).
2.1.4.4 SELECTIVE REDUCTION
Selective reduction involves controlling the reaction temperature and gas 
composition of a furnace so that the zinc oxide in the dust is reduced, leaving only a 
partially reduced iron (FeO) in the residue. The energy requirement for selective 
reduction is correspondingly less than that required for total reduction.
The 'HTR' kiln process (Himezi Tekko Rifain KK), is an example of a selective reduction 
process(5). Four companies in Japan are currently using the HTR process. A 
schematic of the HTR process is shown in Figure 2.3. Iron metallization is less than 5 
percent and zinc recovery is about 90 percent.
2.1.4.5 WAELZ KILN PROCESS
The Waelz Kiln Process is similar to the HTR process with one major difference, that 
being, that the iron is reduced along with the zinc oxide(5). The feed for this process 
consists of about 75 percent metal bearing material and 25 percent coke.
During the 1970's four Japanese iron and steelmakers were operating Waelz kilns for 
the recycling of blast furnace and BOF dust. Due to economic reasons the majority of 
plants have closed(3).
Similar metallization processes are offered by Lurgi and Krupp(4). Zia Technology Inc 
also have a similar process, the Inclined Rotary Reduction System'(4).
13
Figure 2.2 Schematic of Uddeholm Injection Converter (5)
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Figure 2.3 Schematic flow sheet of the HTR Process Plant (5)
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There are currently several Plasma arc reactors which have been used primarily for 
recycling of EAF dusts(6). For example, those supplied by SKF, Tetronics, Davy Hl-Plas 
and TIBUR. The major advantage of plasma reactors is their ability to process fine 
dusts.
The Dayy Hi-Plas process was operating on a 1MW pilot plant scale(5). In this process, 
high zinc EAF dust is mixed with coke and flux and injected into the furnace through the 
furnaces reactor sleeve. Heat is introduced to the process by a DC transferred arc 
which smelts the metal oxide containing materials. The volatile zinc and lead 
contaminants are fumed off and condensed in a zinc splash condenser. The non­
volatile heavy metal containments end up in the slag.
The Tetronics plasma system develops an arc from a cathode that transfers to the 
anode melt(5). Figure 2.4 shows a schematic of this system. Results of pilot scale trials 
have shown that EAF dusts, originally containing 18 percent zinc have produced 
secondary dusts containing up to 60 percent zinc that are suitable for refining by zinc 
refiners.
Most plasma furnaces have only been operated on a pilot scale size. However, some 
commercial scale systems are available such as the Davy Hi-Plas 5MW system that is 
capable of processing up to 20000 tpa and the SKF Plasma Technology system that is 
capable of processing up to 10000tpa(6).
2.1.4.6 PLASMA ARC REACTORS
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Figure 2.4 Tetronics Plasma Arc Furnace (5).
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There are also systems that recover dusts using electic furnaces. One such system is 
the Elkem Technology system for the recycling of EAF high zinc dusts(4). This system 
uses slag resistance to generate heat. The system consists essentially of three stages, 
those being, feed preparation such as drying and briquetting, electric smelting and 
zinc recovery, and gas cleaning.
Recently Elkem Technology , Oslo, Norway has been contracted to install a 40 000 tpa 
treatment system at Laclede Steels Alton mill with system start up planned for 1991(4).
2.1.4.7 ELECTRIC FURNACE RECOVERY
2.1.4.8 HYDROMETALLURGICAL PROCESSING
Leaching processes have the potential of recovering zinc from blast furnace and BOF 
dusts. EAF dusts, however, are less suitable for hydrometallurgical processing as zinc 
ferrite, a major constituent of dusts, is insoluble(5).
No commercial hydrometallurgical processes currently exist, although much 
research is being carried out into processes based on sulfate, chloride, and caustic 
leaches. These systems are, however, not close to being commercialised.
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2.2 SEWAGE TREATMENT AND DISPOSAL
2.2.1 ORIGINS OF SEWAGE
Sewage mainly originates from domestic waste water, seepage or admittance of 
foreign water such as rain water into the sewerage system, industrial waste water and 
agricultural waste water.
Domestic sewage originates from the household. Household sewage may result from 
cooking, dishwashing, household cleaning, washing of clothes, bathing and use of the 
toilet. Domestic sewage also originates from public buildings and small commercial 
businesses. Sewage sources from public buildings and commercial businesses may 
be from cleaning of the building, personal hygiene of employees and public, cooking 
and washing in the cafeteria, use of the toilets, and depending on the type of business, 
any particular features or requirements of the business. For example, restaurants and 
hotels produce a lot of sewage generated from dishwashing etc.
The composition of sewage is dependent on the wastes that are added to the 
sewerage system by households, industry, commerce, agriculture, and foreign 
materials washed in from seapage and illegal connections. The percentage of the 
various sources making up a sewerage system will also determine the characteristics 
of the sewage. Domestic sewage contributes high levels of harmful micro-organisms 
in the form of viruses and bacteria, for example, salmonella and eggs of worm 
parasites to the sewage. It also contributes harmless bacteria that help decompose 
waste material, together with enzymes, human and animal excreta, vitamins, 
hormones, cooking oils and greases, food remains, paper, and plastics. Industrial and 
agricultural sources may contribute organic materials, heavy metal contaminants, 
toxins and chemicals, oils and greases, and waste water from a variety of other 
sources. There are also many other additions made to the sewerage system that
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determines composition. Types of additives appear to be only limited by the 
imagination.
Organic components in the sewage add to the biological oxygen demand(BOD) of 
the sewage. The BOD is a measure of the oxygen required for biochemical 
degradation of the organic material. Plant wastes add to nitrogen, phosphorus and 
potassium levels. Contaminants such as heavy metals, insecticides, etc add to the 
toxicity of the sewage.
The amount of sewage is dependent on the living habits of the population, industry 
practices, and climate changes. For example, the amount of sewage is usually 
maximum during the day. This corresponds to household washing etc, and 
businesses and industry operating. Wet weather also increases the amount of 
sewage as water may seep in to cracks and openings in the sewerage system. It may 
also enter through illegal connections such as down pipes from roofs(7)(8).
2.2.2 SEWAGE TREATMENT
There are many types of sewage treatment systems in existence throughout the 
world. In general these systems may be categorized into three major types, those 
being; primary, secondary, and tertiary systems. The Sydney Water Board operates 
all three types of sewage treatment plant (STP). Of these plants, the primary plants are 
the largest. They are operated on the coast and discharge effluent to the ocean. The 
quality of effluent discharged from primary plants is poor compared to that from 
secondary and tertiary plants. Secondary and tertiary plants are generally operated 
at inland locations. This is necessary as effluent from the plants is discharged into river 
systems and creeks where dilution is small.
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Primary treatment of sewage consists of screening, degritting and settling of solids, 
after which the effluent is discharged to the ocean. The screening process is classified 
as a preliminary treatment. Screens are usually located at the head of sewage 
treatment plants. They screen out objects such as rags, papers, plastic bags, pieces 
of wood, and any other coarse or large materials that may enter the sewage 
system.The screening of large objects also protects down line pumps, scrapers and 
other treatment plant equipment. Sometimes maceration devices are coupled with 
screens so as to ensure that only fine materials enter the treatment works. Screenings 
from sewage are heavily contaminated with faecal material and are disposed of by 
burial or incineration.
After screening, the sewage goes to an aeration chamber where it is aerated so as to 
help prevent anerobic digestion taking place during further treatment. In the aeration 
chamber degritting also takes place. The removal of grit in the aeration chamber is a 
differential sedimentation process in which heavy grit is allowed to settle while the 
lighter solids remain suspended.
From the aeration chamber the sewage goes to the sedimentation tanks where 30-60 
percent of the lighter solids are removed. These solids contain 15-40 percent of the 
total BOD. In sedimentation tanks the flow is slowed down and the solids allowed to 
settle to the bottom as sludge. During sedimentation, floatable matter in the sewage 
such as oils and greases float to the top as scum. This scum is removed mechanically 
by scrapers or skimmers.
After settlement, the sewage is discharged to the ocean where it is diluted thousands 
of times. Primary treatment assumes that the ocean finishes the treatment process. 
The Sydney Water Board currently discharges primary treated effluent to the ocean at 
the shoreline. This practice will cease at the major treatment plants with the
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completion of construction of ocean out falls that will discharge the effluent 4km off 
shore.
Secondary treatment offers everything that primary treatment offers, however, it adds 
an additional biological treatment stage that removes organic suspended solids 
remaining after primary treatment together with dissolved organic solids. One method 
of biological treatment is aerobic biological treatment. This process involves 
supplying oxygen to the sewage to sustain the natural aerobic biodegradation of the 
organic matter. This method of treatment is particularly necessary for treatment plants 
that discharge effluent into rivers or lakes where large volumes of water are not 
available for dilution. Without such a plant, waterways would become polluted from 
the depletion of dissolved oxygen caused by the action of aerobic organisms in 
degrading the organic component of the waste(lO).
Some inland plants have a third stage of treatment, namely 'tertiary' treatment. This 
stage of treatment may consist of sand filters or dual media filters of sand and 
anthracite. The effluent may then be dosed with chlorine to kill any remaining bacteria 
before being discharged.
2.2.3 SEWAGE SLUDGE TREATMENT AND DISPOSAL
As described in section 2.2.2, sewage sludge is generated during the sedimentation 
process when solids settle. The quantity of sludge produced is dependent on the 
settleable solids content of the sewage and the method of treatment.
The Sydney Water Board operates 38 sewage treatment plants which produce 
approximately 6 million litres of liquid sludge per day, at 1-2 percent solids. This is 
equivalent to about 120 dry tonnes per day(l 1).
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Raw sewage sludge taken directly from the sedimentation tanks has a high organic 
content and is heavily laden with faecal matter. Before disposal then, it is usually 
stabilized. One method of stabilization is anerobic digestion. Anerobic digestion is a 
biological process that reduces volatile solids by 50 percent, eliminates much of the 
objectionable odour, and significantly decreases the number of pathogenic 
organisms. Digestion of the sludge takes at least 10 days and requires the sludge to be 
maintained a temperature of 35°C. During digestion methane gas is generated and 
this may be used to generate the heat required for the digestion process. Another 
commonly practiced method of sludge stabilization is 'lagooning1. Lagooning 
involves running sludge into prepared beds and allowing it to stand until digestion and 
humification has taken place. Digestion in this manner may take from 3-6 months after 
which biological action ceases. Lagooning also has the effect of concentrating the 
solids in the sludge from approximately 2 percent to 25 percent solids. Lagooning of 
sludge in this manner utilises a lot of land and its use is therefore limited.The Sydney 
Water Board practices both of these methods of sludge stabilization.
After the sludge has been stabilized it must be disposed of. Methods of disposal are 
dependent on the quality of the sludge, (for example, the level of heavy metals in the 
sludge), and the location of the treatment plant from which it is generated. The 





Ocean disposal of sludges is generally carried out on sludges that have been taken 
directly from the digestors. Sludge may be disposed of at the shore line or further out 
to sea. The ocean disposal of sludge often leaves a black slick in the water. The
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Sydney Water Board currently uses ocean disposal at Bondi and Malabar treatment 
plants. Sludge generated at these plants accounts for approximately 60 percent of 
the total sludge generated in the Sydney area.
Land application of sludge is a major method of disposal in the United States and 
Europe. Land application generally requires that the moisture content of the sludge be 
approximately 75 percent. Sludge from lagoons may therefore be appropriate. 
Sludges from digestors require dewatering before they may be successfully used. 
Land application of sludge may be by composting or direct application to the land 
as landfill. Sydney Water Board is currently disposing of 30 percent of its sludge 
through land application, however, these techniques are relatively new. Disposal of 
sludge in this manner is dependent on the contaminant levels.
Incineration of sludge is a major method of disposal. There are two types of 
incinerators in common use. These are the multiple hearth incinerator and fluidized 
bed incinerator(13). Incinerators operate at about 900-1000°C and leave an ash 
residue. Assuming a sludge containing 30 percent solids, of which 50 percent are 
volatile, the residue would represent approximately 15 percent of the original wet 
volume. The calorific value of sludge solids are similar to other carbon sources (20000- 
50000kJ/kg). However, because sludges are wet, the calorific value is reduced by up 
to 10 times. This means that extra fuel is usually added to incinerator systems. The 
Sydney Water Board uses incineration to dispose of sludge generated at North Head 
Treatment Plant. This represents approximately 10 percent of the total sludge 
generated in the Sydney area.
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2.2.4 SEWAGE POLLUTION AND THE SYDNEY WATER BOARD
The Sydney Water Board currently disposes of all treated effluent from its three major 
coastal treatment plants and four minor coastal treatment plants to the ocean. The 
five lllawarra coastal treatment plants also discharge effluent to the ocean. The 
majority of these plants are primary treatment plants and as a result remove only 
between 30 and 60 percent of suspended solids, and 50 percent of oils and 
greases(17).
During the summer months of 1989 there was an intense public outcry over polluting of 
Sydneys beaches with sewage. The issue created intense debate and attracted 
much media attention. Reports of unsafe swimming conditions at popular Sydney 
beaches and contaminated fish were constantly in the media.The attention the 
beach pollution issue was attracting during the beginning at 1989 also brought the 
effectiveness of the soon to be completed deep water ocean outfalls into question. It 
was argued by many groups within the community that the outfalls would not stop 
pollution from ending up on beaches(17).
In response to the public discontent with the pollution problems the government 
commissioned an independent review into the effectiveness of the proposed outfalls 
and the Board's Beach Protection Programmes. The report released in September 
1989 found that the ocean outfalls would significantly decrease the amount of beach 
pollution, although not totally(13)(17). It also stated that the Board should develop a 20 
year programme to improve Sydneys sewer system. This included upgrading sewage 
treatment at coastal plants to achieve a higher quality effluent. In response to this 
report the state government announced a $ 6.25 billion 20 year Pollution Abatement 
Program. Of this am ount, $2.25 billion was allocated to the improvement of sewage 
treatment(14).
25
A number of treatment processes are therefore currently being considered by the 
Board for the upgrading of treatment plants. A review of the various treatment 
processes available and those under consideration is given in section 2.2.5.
With the upgrading of the treatment processes there will be an increased capture of 
solids. Sydney currently produces approximately 120 dry tonnes of sludge per day. It is 
reportedd 1) that this figure will increase up to 275 dry tonnes of sludge per day over the 
next 5-10 years. In March 1989, it was announced that ocean disposal of sludge would 
cease by 1993. To achieve this goal the Board has undertaken research into various 
areas of sludge disposal. A review of alternatives available for sludge disposal is given 
in section 2.2.6.
2.2.5 ALTERNATIVE SEWAGE TREATMENT PROCESSES
2.2.5.1 CHEMICALLY ASSISTED SEDIMENTATION (CAS)
Chemically assisted sedimentation is the process of using chemicals to increase the 
percentage solids removed during treatment. It is an established process that is 
widely used throughout the United States as well as Europe and is classified as an 
advanced primary treatment process.
Chemically assisted sedimentation generally consists of coagulation followed by 
flocculation. The addition of a coagulant causes the colloidal suspension in the 
sewage to be destabilized so that it will start to agglomerate. The subsequent addition 
of a flocculant causes the coagulated particles to be brought together and thereby 
form larger particles of a size that would settle with an increased velocity(15).
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Coagulant chemicals should be cheap, and non-toxic. Commonly used chemicals 
include aluminium sulphate, ferric salts such as ferric chloride, and lime. When the 
coagulant is added to the sewage influent, rapid mixing is required to disperse the 
coagulant. After the coagulant has been properly dispersed and the colloidal 
suspension destabilized, the flocculant is added and mixed in.
The dosage requirements of the coagulant and flocculant are dependent on the 
sewage influent. The chemicals are added to the influent after screening. Screening 
reduces the solids content of the effluent and thereby reduces the chemical 
requirements. The Point Loma sewage treatment plant in the United States uses 
chemically aided settlement to achieve a solids removal of approximately 80 
percent. It uses a 30ppm coagulant dose and a 0.2-0.3 ppm flocculant dose. Another 
U.S plant uses about 22 ppm of coagulant and 0.2-0.25 ppm of flocculant to achieve an 
80 percent solids removal(ló).
The Sydney Water Board is carrying out trials using chem ically assisted 
sedimentation. Results to date indicate 80 percent removal of solids, however, 
coagulant and flocculant dose rates are significantly higher than those used in the 
States.
This process removes solids and the BOD associated with the solids, however, the 
dissolved BOD remains unaffected. Heavy metals and oil and grease levels may also 
be reduced during this process.
Advantages of this system include:
- Simple and therefore reliable
- Well proven technology
- Low capital costs
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The major disadvantage of this system is that it produces a chemical sludge that is 
difficult to dispose of(17).
2.2.5.2 DISSOLVED AIR FLOTATION (DAF)
The principle of dissolved air flotation involves the attachment of very fine air bubbles 
to suspended solids and oils and greases. The attachment of air bubbles causes the 
suspended solids and oils and greases to float to the surface so that they may be 
removed. This method of treatment up until now has been used primarily as a tertiary 
treatment process in the removal of phosphorus. For example, it is a method that is 
used in Malmoe, Falkenberg, and Osharshamn sewage treatment plants in 
Sweden(16).
Application of dissolved air flotation to sewage that has only been screened and 
degritted is being trialed by the Sydney Water Board( 15X16). As far as is known, this 
method of treatment for raw sewage is not being practiced anywhere else in the 
world.
The initial part of the process is similar to the chemically aided sedimentation process. 
Firstly a coagulant is added to destabilize the colliodal suspension, and then an 
anionic flocculant is added to bring together the coagulated solids. The chemicals 
and dosages used are similar to those used in chemically aided sedimentation. After 
the chemicals have been added, air is pumped into the system under pressure. 
When the sewage flows into the sedimentation tanks, the pressure is reduced and the 
excess air in the sewage, the dissolved air. forms very fine air bubbles that become 
attached to the flocculated particles. This causes the flocculated particles to float to 
the surface forming a thick scum.
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The Board is currently trialing this process on both a pilot scale and a full scale process. 
Results to date(14), indicate that 80-90 percent solids removal may be achieved. 
Heavy metal levels and BOD levels are reduced to a similar extent to that achieved by 
chemically aided sedimentation. The oil and grease removal in this process is 
.however, more efficient.
2.2.5.3 MAGNETITE PROCESS
The magnetite process is a process that has been developed at the CSIRO08). The 
process was originally developed for water clarification and has been recently 
applied to the treatment of sewage. To date, trials have been conducted on 
laboratory scale, batch pilot scale, and continuous pilot scale. There is currently 
continuous pilot scale trials being carried out at Malabar STP (100 litres/min), and Low 
Plenty STP in Victoria (40 litres/min). Pilot scale trials have proven successful at 
Malabar and $8.4 million has been committed by the Water Board to the installation of 
the process to one of the sedimentation tanks at Malabar STP. This system will be 
capable of treating one third of the flow through the plant.
The process initially involves mixing the magnetite into the sewage. The magnetite 
dosage ranges from 10 000 to 20 000 ppm. A small amount of acid is added to give the 
magnetite a positive charge. The wastes and organics in the sewage are generally 
negatively charged and therefore adhere to the positively charged magnetite 
particles. During mixing, 5 to 25 ppm of coagulant is added to aid in clarifying of the 
sewage. Coagulants used may be either aluminium sulphate or ferric sulphate. The 
coagulated sewage and magnetite particles are then magnetically separated and 
gravity settled leaving a clear effluent. According to reports(18), the treated effluent 
has a low turbidity with a suspended solids level of 10 - 20 mg/l. It is further reported that 
most of the heavy metals, organochlorines, bacteria and virus in the sewage are
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removed along with the suspended solids. According to Odegaard(20), contaminants 
such as heavy metals, organochlorines, bacteria and viruses are usually associated 
with colliodal solids in the sewage.
After the coagulated magnetite particles are separated from the effluent they are 
recovered. This involves washing the magnetite particles with dilute caustic soda at a 
rate of 10 - 40 ppm of raw sewage. This strips the organics from the magnetite particle 
surfaces. The magnetite may then be magnetically separated from the organics for 
reuse. The remaining sewage sludge may be treated with acid to recover 50 - 70 
percent of the coagulant for reuse.
The treatment of sewage by the magnetite process takes approximately 8 - 1 0  
minutes. The effluent quality is good. However, disadvantages with the process 
include, complexity of the process, the large number of chemicals required, the high 
capital and operating cost when compared to other advanced primary treatment 
processes such as chemically assisted sedimentation, and a chemical sludge is 
produced.
2.2.5.4 MICROFILTRATION
Microfiltation is a technique of membrane filtration. Memtec Ltd., a Windsor based 
company in NSW, is developing a membrane system for the clarification of 
sewage(17). The system consists of pumping primary or secondary treated sewage 
into a chamber containing bundles of extremely fine hollow fibres. The water passes 
through microscopic pores on the walls of the fibres. The solids are retained on the 
outside walls of the fibres. The unique feature of this system that allows it to be used for 
the treatment of sewage on a continuous scale is the technique adopted for the 
cleaning of the hollow fibres. This technique consists of forcing high pressure gas in the
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reverse direction to sewage flow, thereby causing the solids to be cleared away. This 
cleaning system effectively cleans bacterial growth from the fibres and hence stops 
any biological fouling of the treated effluent.
The Memtec system, according to reports(21), produces an effluent with an oil and 
grease of 1 ppm, a suspended solids of 1 ppm, a BOD of 60 to 66 ppm, and a virtual 
elimination of faecal matter from primary treated effluent.
The Water Board is currently trialing a plant for the clarification of secondary treated 
sewage effluent at Blackheath Sewage Treatment Plant in the Blue Mountains(21). The 
plant treats 3 million litres per day.
Memtec is also developing a bioreactor that uses micro-organisms to convert 
dissolved sewage matter into a form that can subsequently be filtered with the 
Memtec microfiltration system. This system will be installed during 1991 at Cronulla 
Sewage Treatment Plant and will treat approximately 40 million litres per day.
Advantages of the system are that it is a fast method of treatment, and it produces a 
high quality effluent. Disadvantages include the high installation costs and high running 
costs.
SL2.5.5 BIOCARBONE
Biocarbone is a com pact biological process for the treatment of primary treated 
sewage that occupies approximately one quarter of the land area that conventional 
biological treatment processes would occupy. It therefore has obvious advantages 
for treatment plants that have limited spaced 6).
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The process has been proven reliable and is used in over 50 plants in Europe, America 
and Japan. The effluent quality is very high, with no odour and very low turbidity.
The treatment process consists of passing primary treated sewage through a granular 
bed that has injected air rising up through it. Bacteria forms on each granule and this 
bacteria feeds off the organic matter in the sewage as it passes through the bed. The 
bacteria concentration on the granules is very high and therefore allows the rapid 
treatment of sewage and compact design.
The major disadvantages of the process are the high costs compared with advanced 
primary options, and because the treatment capacity is small, a large sewage 
treatment plant would require many units. For example, Malabar sewage treatment 
plant would require 150 units.
2.2.5.Ó OTHER TREATMENT PROCESSES
The main options for the Sydney Water Board have been discussed in sections 2.2.5.1 
to 2.2.5.2. There are, however, other processes available, although they will not be 
reviewed here. Other treatment processes included 6):
- Pure oxygen activated sludge process
- Deep shaft activated sludge process
- High Biomass System
- UV dissinfection
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2.2.6 SEWAGE SLUDGE TREATMENT AND DISPOSAL
2.2.6.1 LAND APPLICATION OF SEWAGE SLUDGE
Liquid and dewatered sludges may be disposed of by dumping and land treatment. 
These methods are commonly used in the United States and Europe. They are now 
also being trialed in Australia(22).
Land dumping is often used when sewage sludge is contaminated with toxic 
chemicals or heavy metals. Disposal is usually in sanitary landfill sites where 
contamination of ground and surface waters can not take place. This method of 
disposal is expensive and labour intensive as trenches have to be dug, sludge 
added, and then covered with fill or topsoil.
Sewage sludge contains certain elements that aid plant growth. Dry sludges may 
contain 3 percent nitrogen, 2 percent phosphorus, and 0.4 percent potassium. Sludge 
also contains a large amount of organic matter which improves soil aggregation, and 
water holding capacity. These properties have led to the use of sludge in agriculture 
and land reclamation. It is generally regarded as a soil conditioner rather than a 
fertilizer as commercial fertilizer generally contains about 20 percent phosphorus and 2 
percent nitrogend 1).
Sludges are generally digested before use so that the bacteria and pathogenic levels 
are reduced. The sludges are sometimes pasteurised or disinfected before they are 
used in agricultural land treatment. The sludges are also usually dewatered before 
disposal due to the high costs asscociated with transport of the sludge.
The Sydney Water Board is currently trialing the disposal of sewage sludge by land 
treatment in its Bio-Soil program. The program consists of applying dewatered sludge
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to agricultural and reclamation sites using a vehicle that injects sludge into the ground, 
and several road tankers that spread liquid sludge. Recently, the NSW Departments of 
Health, and Agriculture and Fisheries have issued stringent guidelines on the 
agricultural use of sludge. These guidelines are generally more stringent than 
overseas guidelines. The restrictions on general land treatment are, however, less 
stringent.
2.2.6.2 COMPOSTING
Dewatered sewage sludge may be disposed of by composting. Composting is a 
disposal method that has been widely used in the United States and EuropeO 1).
Composting consists of mixing either digested or raw sludge with an organic bulking 
material such as household refuse, paper, wood chips or saw dust. The mixture may 
be composted by either a 'static pile', 'windrow' or 'in-vessel system'(22).
Composting is usually an aerobic process that stabilizes the sludge by killing bacteria 
and pathogens, and eliminates odours. The process is self heating with optimum 
temperatures being 40 - 60°C. The heat generated during composting dries the 
sludge. During composting special attention must be given to the control of 
temperature so that odour may be controlled. Composting plants are therefore 
generally sophisticated. The resulting product from composting is marketable and 
experience from the Unites States suggests that it is economically viable.
The Sydney Water Board is carrying out composting trials at Bellambi Sewage 
Treatment Plant in which sewage sludge is mixed with grass clippings and other 
garden debris in an aerated static pile system. Composting is also carried out at
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Castlereagh by Amgrow Pty. Ltd., and at Badgerys Creek by Australian Native 
Landscapes Pty. Ltd.
The major concern of the disposal of sewage sludge in this manner is the presence of 
chemical toxins and heavy metal contaminants in the sludge. Heavy metals are 
undesirable as they may be accumulated in the food chain. In the future, raw sludge 
will be more often used as its organic component is greater than that of digested 
sludge.
2.2.6.3 OIL FROM SLUDGE PROCESS
The OH from Sludge process has been demonstrated in Canada and recently has 
been trialed by the Sydney Water Board on a 1 tpd scale. The process involves 
converting the organics in sewage sludge to an oil that has similar properties to diesel 
fuel(23).
The Oil from Sludge process is a thermochemical process similar to a pyrolysis 
process. The process is essentially a multi stage process(24). The first stage involves 
drying of dewatered sludge at temperatures less than 100°C. Temperatures below 
100°C are desirable so as to prevent loss of heavy metals and organochlorines during 
drying. The next stage of the process involves heating the dried sludge to 
temperatures ranging from 386 to 478°C in an oxygen free atmosphere. The optimun 
temperature of processing has proven to be 450°C. At this temperature about 50 
percent of the sludge is vapourised. In the next stage of the process the vapours are 
contacted with char from the sludge and catalysed vapour reactions convert the 
organics to alephatic hydrocarbons. Aliphatic hydrocarbons are the major 
constituent of crude oil(24).
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The processing of one tonne of dry sludge yields 150 to 300 kg of oil, 580 kg of char, 110 
kg of non-condensable gas, and 160 kg of reaction water. The by-products of the 
process would be combusted to provide heat for drying and for heating of the reactor 
in a full commercial scale process.
Reports indicate that heavy metals contained in the sludge are retained in the char 
with the exception of arsenic and mercury which are volatilized(24). Tests carried out 
on the char to determine the teachability of the heavy metals showed that the char 
would be suitable for disposal in unsecured landfill sites. Organochlorines such as 
PCB's and HCB's are detected in the oil, however, they were not detected in the by- 
products(24).
2.2.6.4 SEWAGE SLUDGE STERILIZATION USING MICROWAVES
Sewage sludge may be sterilized or pasteurised using a number of techniques such 
as submerged combustion systems and heat exchange systems. Sterilization 
generally involves heating raw or digested sludge to a certain temperature and 
pressure at which bacteria and pathogens are destroyed. Sterilization has been used 
in SwitzeriandO 1).
The Sydney Water Board is currently trialing at Shellharbour STP, a sludge sterilization 
system that has been developed by the Microwave Applications Research Centre at 
the University of Wollongong and Industrial Microwave Applications Pty. Ltd.(25). The 
process consists of heating the sludge using microwaves to temperatures of at least 
118°C at a pressure of 2 atm. for a certain period of time. Analysis of treated sludge 
indicates that under these conditions the sludge becomes sterilized.
After sterilization the sludge is mixed with sawdust for composting. One of the major 
disadvantages of this system is the rapid reinfection of sludge following sterilization.
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2.2.Ó.5 PRODUCTION OF BIOFLV BRICKS
'Biofly' bricks are bricks that have been made from sewage sludge and fly ash that is 
generated at coal fired power generation plants. It is a project that disposes of 
sewage sludge and fly ash which is also a waste product. The project is a 
collaborative research project between the University of Wollongong, the Water 
Board, the Electricity Commission and Boral Resources Pty. Ltd.
The brick making process consists of drying the sludge and then grinding it to a 
powder. The powder is then mixed with fly ash and a slurry of clay or shale and 
subsequently formed into bricks. The bricks are then fired with the sludge burning to 
help the firing process. During this process contaminants such as heavy metals, PCB's, 
and HCB's are 'locked up' or 'fixed' into the fired brick.
The bricks produced from this process have a positive value. According to Boral 
marketing people(26), the bricks have a good texture and are in colours that would be 
popular to consumers.
2.2.6.6 DEEP WELL AQUEOUS PHASE OXIDATION
Deep well aqueous phase oxidation is a method of sludge disposal that involves 
pumping raw or digested sludge into concentric stainless steel pipes that go to a 
depth of 1.5km in the ground. At this depth, high pressures and temperatures oxidize 
the sludge producing ash, waste gases, and dilute acetic acidd 1). Heavy metals in 
the sludge are retained in the ash. The ash could be disposed of by use in bricks or
road base.
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The Sydney Water Board is currently having a feasibility study carried out into Deep 




Microwaves are electromagnetic waves with a wavelength in the range of 1mm to 
100mm. These wavelengths correspond to frequencies in the range 300MHz to 300GHz.
Microwaves behave in a similar fashion to light waves. They are generally reflected by 
metallic objects, absorbed by some materials, and transmitted by others. 
Microwaves travel at the same speed as light.
Microwave concepts and equipment were primarily developed during World War II 
for applications in radar, navigation, and communications. Following the war, 
microwave techniques for heating were developed. These included techniques for 
domestic and commercial purposes(30).
There are two microwave frequencies used for heating in Australia, those being 2450 
MHz and 915 MHz. These frequencies correspond to wavelengths of 12.25 and 32.8 cm 
, respectively. Domestic microwave ovens, such as those in the kitchen, operate at a 
frequency of 2450 MHz. Many commercial and industrial scale processes also use 
2450 MHz. Others use 915 MHz systems.
2.3.2 MICROWAVE HEATING
Heat is generated by microwaves when microwaves penetrate a material and impart 
energy. It is well known that only certain materials become heated when subjected to 
microwave irradiation. The ability of a material to become heated will depend on the
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ability of the microwaves to firstly penetrate the material and secondly the ability of the 
material to convert electromagnetic energy into heat energy.
Materials that microwaves interact with causing an electric field, and thereby an 
electric dipole in the material, are called dielectrics. A dielectric material is described 
by a constant, called the dielectric constant. This constant is related to the magnitude 
of an electric field in a material produced by a microwave field, and to the amount of 
energy from the electric field which is lost to the material to cause heating.
Mathematically, the dielectric constant (e ) may be represented by a real term(e'), 
and an imaginary term (6 "), with the imaginary term describing the energy loss to the 
material.
So mathematically then(27); .
e  = e '- je "  (2 .d
If equation (2.1) is normalised with respect to free space, (@0= 10~9/36p),so that 
= ©ok' (2.2)
and,
e " = e 0k" (2.3)
equation (2.4) is obtained,
e  / e Q= k- jk" (2 .4)
To find the energy loss to the material the loss tangent, tan8, can be defined as, 
tan8= k"/ k‘ (2.5)
where k is relative loss factor and k is the real part of the dielectric constant.
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The loss factor is described by the product of the real part of the relative dielectric 
constant and the loss tangent, i.e.,
k"= k‘ tan8 (2.6)
A dielectric material with a loss factor in the range 1 to 100 will be heated in a 
microwave field. The mechanism by which the energy is 'lost' to produce heat is 
dependent on the structure of the material. There are two main mechanisms by which 
microwaves cause heating of dielectrics: dipole rotation and ionic polarization(27). 
There are other minor methods of heating such as those for heating of ferromagnetic 
materials.
Dipole rotation is the major mechanism by which most dielectrics heat up. Dipole 
rotation occurs when dipolar molecules are present. In a material, the molecules are 
randomly orientated. When microwaves interact with the material and induce an 
electric field the molecules attempt to align themselves with the field. When the field 
alternates, the molecules realign themselves to the new direction of field. This is shown 
schematically in Figure 2.5. When the field alternates at microwave frequencies (2450 
mega cycles/sec), the molecules will attempt to realign at these frequencies. If the 
dipoles cannot realign themselves at the frequency of the alternating field friction 
causes the material to heat up.
Ionic polarization takes place in a dielectric when ions in solution react to an applied 
electric field. When the electric field is applied the ions are accelerated. These ions 
collide with other ions causing their kinetic energy to be converted into heat energy. At 
microwave frequencies many collisions occur causing the material to heat rapidly.
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Figure 2.5 Dipole rotation due to  changing field (27).
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The amount of microwave energy converted to heat is dependent on the properties 
of the material, the electric field strength and the frequency. A mathematical 
approximation of the power dissipated(27), is given in equation (2.8),
P = 55.61 E2f k' tanSxlO "^ W/cm3 (2.8)
where P is the dissipated power, E is the electric field strength in volts/cm, and f is the 
frequency. As shown by equation (2.8) the power dissipation in a material may be 
increased by increasing the electric field strength and the frequency.
The depth of penetration of microwaves into a material is dependent on the dielectric 
properties of the material. In general a material with a low loss factor will dissipate 
energy less rapidly than a material with a high loss factor and therefore the depth of 
penetration of microwaves into the material will be greater. Mathematically, the 
attenuation of the electric field is described by equation 2.9,
P = PG e'2ad (2.9)
where P is the power at a depth d, PQ is the incident power and a  is an attenuation 
constant. The attenuation constant is related to the real part of the dielectric constant 
and the loss tangent. The penetration depth is often defined as the distance from the 
surface of a dielectric material at which the incident power drops to 1/e or about 30 
percent. In water this corresponds to approximately 3cm.
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2.3.3 CHARACTERISTICS OF MICROWAVE HEATING
2.3.3.1 MICROWAVE CAVITIES
A microwave cavity is an enclosed volume with walls that are made of highly 
conducting materials, i.e, metals(27). Stainless steel is often used for cavities due to its 
conductivity, corrosion resistance and other properties.
Microwaves in a cavity will be continually reflected off the cavity walls causing 
multiple modes to be set up. A certain field or mode pattern will be developed in the 
cavity and be dependent on the shape of the cavity. The field will have points of low 
and high intensity. Cavities are designed so that modes overlap and thereby reduce 
the effect of high and low field intensities. Standard cavities often have mode 'stirrers' 
so that as many modes as possible can be created. This will lead to a more uniform 
heating.
The field pattern within a microwave cavity can be mathematically modelled for 
simple shaped cavities, such as rectangular boxes, however, more complex shapes 
are extremely difficult. The modelling of field patterns is made even more difficult with 
the addition of a dielectric load to the cavity as the load completely alters the field 
pattern within the cavity.
2.3.3.2 HEATING OF MATERIALS IN A  MICROWAVE CAVITY
The heating of materials in a microwave cavity is dependent on a number of factors. 
The dependence on dielectric properties, power dissipation and microwave power 
has been discussed in section 2.3.2. The heating of the load is also dependent on the 
size and shape of the load compared to the wavelength of the microwaves. In
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general the absorption by a load is maximum when the linear size of the load is of the 
order of half a wavelength(29).
During irradiation, materials do not necessarily heat evenly. As previously discussed, 
the microwave field intensity attenuates as it propagates through a material. Areas of 
lower field intensity absorb less energy than areas of higher intensity and therefore 
heat at a lower rate. This may lead to hot spots developing in a load. Similar effects 
are observed due to variations in field pattern. The heat capacity and thermal 
properties of the load also influence variations in temperature throughout a load. 
When 'hot' regions are developed they often tend to preferentially absorb more 
energy and therefore heat at an increasing rate causing an even greater temperature 
differential.
2.3.4 APPLICATIONS OF MICROWAVES IN HEATING
2.3.4.1 CONVENTIONAL APPLICATIONS
The most obvious application of microwaves for heating is in domestic scale 
microwave ovens. These ovens usually have a power output in the range of 500-650W. 
The next scale of microwave oven is 1000-1300W systems. These ovens are typically 
used in restaurants, cafes and service stations for extremely rapid heating.
In addition to domestic scale applications of microwaves, there are many industrial 
scale applications using power levels ranging from a few kilowatts to several hundred 
kilowatts. The first commercial scale operations emerged during the early 1960's. 
Applications at this stage were mainly in the food industry on a 5 to 10 kW scale. The 
application of microwaves in the food processing industry has grown and currently the
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types of applications include, tempering, cooking, drying, vacuum drying, 
pasteurization, sterilization, baking, roasting, blanching and rendering(30).
There are currently many other areas of industry in which microwaves are used. Areas 
include the chemical industry, the rubber industry, and ceramics industry. It has been 
argued (29), that the greatest potential for application of microwaves is in the 
chemical industry. This is partly due to the unique way in which microwaves interact 
with specific molecules and bonds. The chemical industry is also an industry that 
produces high value added products, which is desirable in microwave processing. 
Microwaves are used in the rubber industry in areas such as vulcanization, 
devulcanization, preheating of rubber, and rubber foaming. Microwaves are used in 
the ceramics industry for drying and curing. They enable products to be dried and 
cured evenly, thereby eliminating the development of stresses which may lead to 
failure.
The unique way in which microwaves interact with materials is opening up many fields 
of research. In 1987 the Microwave Applications Research Centre (MARC), at the 
University of Wollongong was established. The centre carries out research in many 
fields of microwave processing such as drying of various foods, cereals, coals, 
ceramics and refractories. Processes have also been developed for the extraction of 
oil from shale, and the sterilization of sewage sludge.
A major area of research undertaken by MARC is in pyrometallurgical processes. 
Applications of microwaves in pyrometallurgy is discussed in section 2.3.4.2.
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2.3.4.2 APPLICATION OF MICROWAVES IN PYROMETALLURGICAL PROCESSES
Since the mid 1960's it has been proposed that microwaves may be applied in the 
production of certain metals. In 1967, Ford and Pei (31), demonstrated that several 
metal oxides, sulphides, and charcoal, heat rapidly to several hundred degrees 
Celsius when irradiated with microwaves. This work was carried out in an 800W 
microwave oven. They proposed that uses for this phenomenon may be in gas-solid 
reactions such as reacting metal sulphides with hydrogen to produce metal. These 
concepts have, however, not been commercially exploited.
Others have also applied microwaves to the heating of minerals in more recent times. 
It was proposed by Kruesi and Frahm (32), that microwaves may be used to speed up 
roasting and chlorination of copper ores, molybdenum ores, and rhenium ores. It was 
also proposed that pre-reduction processes prior to leaching may be carried out for 
nickel, cobalt, and manganese.
In 1986, Worner began research into the application of microwave techniques to 
ferrous and non-ferrous smelting pyrometallurgy (33, 34, 35). Since then, Worner and 
co-workers have developed microwave techniques for direct smelting processes 
and precursor treatment processes.
The direct smelting process basically involves mixing the various ores with carbon and 
forming composites which may be briquettes, pellets, or cylindrical extrusions. The 
composites are insulated in alumina crucibles and subsequently irradiated with 
microwaves. Most work to date has been carried out on a laboratory scale in 1300W 
and 2.5kW microwave systems. Metals and alloys produced from this process include 
(36); magnetic copper directly from chalcopyrite (CuFeS2) concentrates; iron 
containing a fine dispersion of titanium carbonitride particles distributed through 
chromium iron carbides or martensite matrix from composites of beach sand, mineral
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ilmenite (FeO.TiC>2), chromite (Fe0 .Cr203) and carbon in the form of low grade coal or 
sawdust; ferrous alloys containing up to 6 percent aluminium from aluminium industry 
by-products; high chromite white cast iron from chromite ore; and, titanium rich alloys 
from mixtures of rutile (TiC>2), or ilmenite, and carbon.
Precursor treatment involves irradiating composites containing metal ore and carbon 
so that preheating and/or pre-reduction may take place. The heated composites 
may then be fed directly to a gas fired furnace or electric furnace. Precursor treatment 
processes have been researched for the treatment of tin ores and carbon 
composites, iron dusts and carbon composites, and nickel sulphide concentrates 
and carbon composites.
In the majority of cases low rank coals, peat, sawdust etc, have been added to the 
mineral ores to form composites. As pointed out by Worner(35), there are three major 
reasons for the addition of these carbon containing materials: those being that carbon 
is required for reduction of the metal oxide, carbon acts as a binder for the 
composites, and carbon heats rapidly when irradiated with microwaves. The 
receptivity of various forms of carbon is well established. Bates (37) has carried out a 
detailed literature review on the microwave receptivity of various coals. Work carried 
out by Worner and co-workers (38) also demonstrated the good receptivity of various 
coals and carbon sources to microwaves. This work demonstrated that very low rank 
coals, peat, graphite, activated carbons, and chars formed from brown coals, 
lignites, and saw dust are microwave receptive. Of these carbons, activated carbon 
and Victorian brown caol char appeared to have the highest and second highest 
receptivity, respectively.
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Womer and co-workers in their research (35) have established a number of factors 
that pertain to microwave processing of minerals. These factors include;
- Some minerals are receptive to microwaves and heat rapidly. Others heat 
rapidly when in composite form with carbon.
- Mineral /  carbon composites may be heated to extremely high temperatures 
using microwaves. Womer and co-workers have obtained temperatures of at 
least 3000°C. This is evidenced by the production of tungsten beads from 
oxidic tungsten minerals, and the production of a tungsten-molybdenum 
manganese alloy from a mixture of finely ground wolframite ((FeMn)WC>4), 
and molybdenite (M0S2).
- Most minerals and composites become increasingly receptive with increasing 
temperature until such a time at which they become metallised and reflect 
microwaves.
- Microwave irradiation hastens both exothermic and endothermic reactions.
- Microwaves may lead to certain high temperature smelting reactions 
appearing to take place at lower temperatures than with conventional heating 
methods. This may be due to microwaves stimulating specific reactions so 
that laws of thermodynamics may be satisfied without heating the bulk of the 
material or composite.
- Microwave processes are able to be rapidly started up and shut down. They 
may therefore be accurately controlled.
- Microwave treatment processes do not by themselves produce gases so that 
the only gas cleaning required is that of the gas that is produced during 
chemical reactions.
Lanigan (39) has applied microwaves to the processing of manganese ores. They 
have been used to upgrade the ores and to increase the 'battery activity' of the ores. 
He has also applied microwaves in the processing of gold ores.
3.0 THEORY - FLOCCULATION AND SETTLING
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3.0 THEORY - FLOCCULATION AND SETTLING
3.1 WASTE WATER TREATMENT
3.1.1 COLLOIDAL SUSPENSIONS
Colloidal suspensions are suspensions in liquid of particles ranging in size from 10"^ 
to lCT^m. Suspensions in sewage may be; colloidal clay which causes turbidity; 
large organic molecules, some of which add to colour; proteins, carbohydrates 
and fats; and, oxides of metals such as iron and manganese.
Colloidal suspensions are very stable suspensions with very high surface energies 
per unit volume. The surface properties of the particles therefore significantly affect 
properties of the suspension. The stability of the colloidal suspension may result 
from the attraction between colloidal particles and water, or the mutual repulsion 
that particles have for each other. Associated with a charged surface of a particle 
is a surrounding double-layer 'cloud' of oppositely charged counter-irons, having 
the effect that colliding particles repel each other.
3.1.2 CHEMICAL FLOCCULATION OF SOLIDS
3.1.2.1 BACKGROUND
Chemical flocculation of solid particles in sewage refers to the addition of various 
chemicals that react with the individual particles and cause them to agglomerate 
into floes. These floes may be settled under gravity or easily filtered. The treatment 
of sewage in this manner is very effective. The quality of effluent produced lies 
between that produced from primary treatment and that produced from biological 
secondary treatment(40).Treatment processes of this type are therefore usually
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referred to as advanced primary treatm ent processes. These systems are 
currently used widely throughout the United States and Europe(40).
Flocculants have been used in water treatment processes since Roman times 
when alum was used as a coagulant in the purification of drinking water. Flocculants 
were originally naturally occurring substances such as starch or glue, and inorganic 
electrolytes such as alum and ferric sulphate. Since then, synthetic long chain 
polymers with ionised sites along the chains have been developed. They are often 
referred to as polyelectrolytes. These polymers may have extremely high 
molecular weights ranging from a few hundred to more than 10 million. They are 
very efficient flocculants. Clarification of waste water generally requires only a few 
parts per million addition of flocculant. The long chain polymers may have positive, 
negative or neutral charge sites. These polymers are called catonic, anionic and 
nonionic polymers, respectively .
In waste water treatment all three types of polymers are used. Solid particles in 
sewage are generally negatively charged and catonic polymers may therefore 
be used to coagulate and flocculate. Most applications of cationic polymers in 
waste water treatment have been in the dewatering of primary settled sludges. 
Application to treatment of raw sewage is largely untried. Anionic and nonionic 
polymers are used as coagulant aids, that is, they agglomerate solids that have 
been coagulated with an electrolyte. As described in section 2.2.5.1, chemically 
assisted sedimentation processes generally use electrolytes to coagulate and 
anionic polymers to pull the coagulated particles together into larger floes.
The quality of effluent produced from sewage treated with polymers is influenced 
by many factors including; the type and concentration of dissolved solids; the 
properties of the colloidal suspension; the types of other chemicals added to the
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sewage such as coagulants; pH and temperature of the sewage; the mixing 
process; and, the type of separation process.
3.1.2.2 THEORY OF FLOCCULATION
Suspensions of solids, such as those in sewage, may be made to flocculate in three 
ways:
a. Reducing the surface charge surrounding the particles. This is achieved by 
the process of neutralization of the particle's surface charge.
b. Collapsing or compressing the double layer cloud of ions surrounding 
particles. This is achieved by the addition of an electrolyte.
c. Polyelectolyte destabilization and bridging of particles. This is achieved by 
the addition of a polymer.
Flocculation by neutralization is based on the fact that the surface charge of a 
particle is dependent on the pH of the surrounding water. This means that solids will 
have a characteristic pH value at which the surface charge and counter ion double 
layer on the particle are diminished. When the charge is reduced, the stability of 
the suspension is reduced, and particles begin to flocculate. In sewage of near 
neutral pH most solids have a negative charge(40).
Flocculation may be caused by the addition of chemical coagulants or 
electrolytes, such as alum, ferric sulphate and ferric chloride. Electrolytes cause 
flocculation in two ways. Firstly, when the electrolyte is added to the sewage in 
sufficient quantities the electrolyte may form a precipitate that coats the 
suspended particles, both settleable and colloidal, with a gelatinous and sticky 
sheath. This sheath begins to settle. As it does, other solids become entrapped by 
the precipitate, thereby accelerating the flocculation of solids into larger
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a 9 9 reQcites. The second mechanism of coagulation by electrolytes is the 
adsorbing of positively charged electrolyte ions on negative colloids, thereby 
neutralizing and destabilizing the suspension so that solids may flocculate.
Polymers or polyelectrolytes may be used to flocculate solids. The first step of the 
process involves adsorption of polymer on suspended particles. Adsorption may 
result by high molecular weight polymers bridging a small region between particles 
within which the particles repel each other. After the particles have been adsorbed 
or destabilized, polymer chains moving randomly throughout the solution contact 
each other and attach themselves to each other. This leads to particles being 
pulled together and the formation of large dense floes that may be easily settled or 
filtered.
3.1.3 SEDIMENTATION OF SOLIDS
Gravity is the main force causing solids to settle. According to Babbit(9), factors 
influencing the sedimentation of solids in sewage include:
- Size of particles - The larger the particle size the greater the settling rate.
- Speciffic gravity.
- Concentration of suspended particles - The greater the concentration, the 
higher the rate of sedimentation.
- Temperature - The higher the temperature, the lower the viscosity of the 
liquid and the more rapid the sedimentation.
- Sedimentation time - The longer the time, the greater the solids removed.
- Design of settling tank.
- Biological, electrical, and other effects.
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The basic theory of sedimentation applies for discrete particles with constant 
characteristics. Such a particle when placed in a liquid of lower density 
accelerates to a terminal velocity at which time the gravitational force is equal to 
the sum of frictional and buoyancy force. The terminal velocity of a particle may be 
derived mathematically by equating gravitational and frictional and buoyancy 
forces. The m athem atical expression describing the terminal velocity is 
dependent on whether settling occurs under conditions of laminar flow (Reynold's 
No. < 1) or turbulent flow ( lCp < Reynold's No. <10̂ ). The mathematical expressions 
for terminal velocity are 
Laminar Flow:
Vs = gd2(Ss- l)/18m (3.1)
(Stokes Law)
Turbulent Flow:
Vs = (3 .3gd (S s-1 »0-5 (3.2)
where Vs = settlement velocity
g = gravitational force 
d = particle diameter 
Ss = specific gravity of particle 
m = dynamic viscosity of the fluid
Derivations of equations (3.1) and (3.2) may be found in the literature(40).
Literature(40) indicates that the theory of settling of discrete particles cannot, 
however, be applied to the settling of the floe particles for two main reasons. Firstly, 
floe particles have a variety of sizes and particles of different size settle at different
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rates. Secondly, colliding particles tend to coalesce to form larger floes that settle 
with an increased velocity. The settling rate of flocculated particles compared to 
that of discrete particles is shown in Figure 3.1.
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Figure 3.1 Settlment of discrete and flocculated particles (40).
4.0 MICROWAVE TREATMENT OF STEELWORKS DUSTS
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4 .0  M ICROW AVE TREATMENT OF STEELWORKS DUSTS
4.1 BACKGROUND
As mentioned in the Introduction, preliminary research was carried out at the MARC 
into the direct microwaving of iron dusts. It was shown that by microwaving a mxture of 
carbon and iron dusts, a partially metallized, virtually zinc free product may be 
formed. BHP SPPD provided funds to carry out a further stage of research into the 
production of a partially metallized zinc free product. The aim of this stage of research 
carried out by the author was to develop a pilot scale process that would be capable 
of processing up to 10kg per hour of iron dusts.





The inplant fines and carbon sources available for use in this research are shown in 
Table 4.1.
Table 4.1 Inpiant fines and carbon souces available for use (%).
C Fe Si02 AI2O3 CaO MgO P Zn K2O Ti02
4 BF Flue Dust 25.0 33.5 6.8 2.7 5.2 1.1 0.053 0.1 0.12 0.36
CycloneCake 17.0 39.2 5.5 2.2 6.7 2.6 0.043 0.19 - 0.58








12.4 43.0 7.1 2.5 11.3 2.0 0.058 5.0 0.13 0.18
It should be noted that 'Fe' shown in Table 4.1 is in the form of a range of oxides.
58
4.2.2 BENCH SCALE WORK
The initial part of this research involved reproducing the results obtained previously. 
This involved a series of trials in which lOOg samples, 88% filter cake and 12% brown 
coal char, were microwaved for 9 minutes in a 1300W Sharp microwave oven (Model 
No. R- 2370). Each sample was insulated by a small alumina crucible wrapped in 
ceramic fibre. Results are given in Table 4.2.
Table 4.2 Composition of microwaved composites (%)
Fe Si02 AI2O3 CaO Mn MgO P K20 Ti02 Zn
As received 54.3 2.6 0.6 7.7 0.87 4.5 0.063 0.09 0.11 4.1
Trial 1 58.3 3.2 1.1 14.0 0.86 6.5 0.069 0.04 0.29 0.01
Trial 2 57.1 2.9 1.0 13.0 0.83 6.3 0.65 0.03 0.26 0.03
(It should be noted that analyses shown in Table 4.2 and the remaining tables in section 
4 donot add up to 100%. The remaining percentage is oxygen associated with the Fe 
and loss on ignition.)
These results demonstrate that it is possible to remove 99% of the zinc. The resultant 
product was magnetic, indicating partial metallization. This product was also partially 
sintered. However, much of it could be easily broken, producing a dust.
During microwaving, steam was generated after about 10 to 15 seconds. Smoke was 
given off after about 1 minute. This lasted approximately 4 minutes, after which time 
the temperature of the crucible was measured at approximately 950°C using a K- type 
thermocouple. At this time zinc fumes were being liberated. When the temperature 
rose above 950°C, plasmas were generated from the filter cake. This continued until
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processing was completed after 9 minutes. Zinc fumes continued to be liberated until 
processing was completed. After 5 minutes, a flame generated by CO burning to CO2 
was observed at the top of the crucible.
4.2.3 M ICRO W AVING  OF PELLETIZED FILTER CAKE AND CHAR
Pelletizing of the filter cake and char was the first step in the upscaling process. It was 
envisaged at this stage that pellets would feed any pilot scale process which was 
developed.
The initial trials involved the microwaving of filter cake and 13% char in pellets of about 
15mm diameter. The pellets were placed in a small alumina crucible wrapped in 
ceramic fibre. The temperature after 9 minutes was measured at approximately 
1130°C using a K-type thermocouple. As described for Trials 1 and 2, the product was 
partially metallized. However, only partial sintering took place, and the mechanical 
strength of the pellet was such that it would crumble with the application of only a small 
amount of pressure.
The next stage, therefore, was to add a binder that would increase the mechanical 
strength of the partially reduced pellet. A series of bench scale trials were set up as 
before, with the addition of a binder in each case. The binders used were either lime 
or sand.
Initial trials of both 15% lime and 5% sand were carried out (Trials 3 and 4, respectively). 
Chemical analysis of the product is given in Table 4.3.
ÓO
Table 4.3 Chemical Analysis of Product and Binder (%)
Fe Si02 AI2O3 CaO Mn MgO P K20 TIO2 Zn
Trial 3 48.5 2.6 0.68 32.1 0.80 4.2 0.071 0.01 0.10 0.13
Trial 4 58.3 14.2 0.83 8.9 0.98 5.0 0.073 0.03 0.15 0.90
Trial 5 59.3 12.2 0.69 7.5 0.82 4.1 0.069 0.02 0.11 0.03
The pellets containing the lime in Trial 3 did not appear to sinter together and a small 
amount of pressure crumbled them quite easily. However, in Trial 4, with the sand 
added as a binder, the pellets did appear to sinter together. It was found that the 
pellets could be dropped repeatedly from a height of approximately lm  onto 
concrete without breaking. In Trial 5, which was a repeat of Trial 4, the pellets were 
again found to be sintered.
Analyses shown in Table 4.3 demonstrate that zinc may be eliminated from the pellets. 
It can be seen that reductions ranged from 78% in Trial 4 to 99% in Trial 5. It should be 
noted from Table 4.3, that although Trials 4 and 5 were carried out under the same 
conditions, the reductions of zinc were not the same.
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4.24 lOkW MICROWAVING OF PELLETS
This stage involved the scaling-up to a lOkW microwave system (shown in Figure 4.1) 
and a 2kg load of pellets. The microwave cavity was made from stainless steel and 
had dimensions of approximately 0.9x0.9x0.55m. The source of microwaves was via 
two 5kW Phillips magnetrons (Model No. YJ1600). The power source was a 20kW 
microwave system that was developed by Industrial Microwave Applications Pty.Ltd.
Figure 4.1 - lOkW Microwave System
The composition of the feed pellets was 81% filter cake, 12% char and 7% sand. The 
pellets had a diameter of approximately 20mm. Pellets were placed in a large 
magnesia crucible wrapped in ceramic fibre, that stood vertically in the microwave 
cavity as shown schematically in Figure 4.2. This load was microwaved at 8kW of 




Figure 4.2. Pellets in vertical crucible
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During microwaving, a hot spot developed about halfway up the crucible. When the 
pellets were taken out of the crucible upon completion of microwaving, it was 
apparent that the pellets at the position where the hot spot had developed had 
melted totally, while pellets above and below these had undergone very little 
reduction. It was also apparent that where the molten pellets had been in contact with 
the wall of the crucible, a reaction had taken place. It is likely that this reaction led to 
the development of the hot spot. The empty crucible was then placed in a 1300W 
microwave oven for 3 minutes. After about 60 seconds, a hot spot developed in the 
same place where the molten pellets had reacted with the crucible.
To eliminate this problem of the molten pellet reacting with the crucible, it was 
decided to run a series of bench trials in which the crucible would be washed with 
dolomite or lime. It was envisaged that the wash would provide a physical barrier 
between the molten pellets and the crucible. Both dolomite and lime have the 
advantages of having a low loss factor and a high dielectric constant and, therefore, 
undergo very little microwave heating.
The trials were carried out in the same manner as the previous bench trials. It was 
found that both lime and dolomite washes with a minimum thickness of approximately 
2mm were effective in preventing molten pellets from reacting with the crucible.
Another trial (Trial 6) in the lOkW system was then carried out in a similar set-up to the 
previous one. This time, however, the crucible was washed with lime and placed 
horizontally as is shown schematically in Figure 4.3. After microwaving at 
approximately 8kW for 25 minutes (at which time the temperature was recorded at 
1150°C), the system was switched off and the crucible allowed to cool. During 
microwaving, the crucible appeared to heat evenly and no hot spots were observed. 
The resultant product was partially metallized and well sintered. Figure 4.4 shows a 
photograph of some of these pellets. However, some reaction of pellets with the base
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Horizontal Crucible
Figure 4.3. Pellets in horizontal crucible
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Figure 4.4. Photograph showing processed pellets.
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of the crucible had taken place. The crucible was irradiated when empty and it was 
observed to have developed a hot spot where reaction had taken place.
This trial was repeated (Trial 7), using a dolomite wash in place of the lime wash. The 
resultant product was similar to that obtained in the previous trial, and a similar reaction 
between molten pellets and the base of the crucible occurred. An analysis of Trials 6 
and 7 is given in Table 4.4.
Table 4.4 Composition of processed pellets in IQkW microwave system.
Fe Si02 AI2O3 CaO Mn MgO P K2O Ti02 Zn
TRIAL 6 - 
Sample 1 52.2 18.4 0.99 9.4 0.71 3.8 0.074 0.02 0.21 0.05
Sample 2 48.6 16.4 0.89 8.2 0.64 3.3 0.067 0.05 0.19 0.05
TRIAL 7 54.1 19.0 1.0 10.1 0.78 4.1 0.074 0.03 0.22 0.04
Chemical analysis of Trials 6 and 7 shown in Table 4.4 demonstrate that the zinc content 
of the pellets has been reduced by approximately 99%.
67
4.2.5 M IC R O W A V IN G  OF BRIQUETTES
In order to eliminate this reaction between hot pellets and the refractory, it appeared 
that it would be necessary to have a set-up in which there was a gap between the 
product and the refractory. However, it did not seem possible to satisfy this 
requirement whilst using pellets as a feed.
It was therefore suggested that the pellets be replaced by larger briquettes, which 
could be supported on small pieces of refractory in a refractory-lined microwave 
system, thus ensuring that the feed would not have direct contact with the refractory 
lining and hopefully eliminating the development of hot spots.
Bench scale trials using small briquettes were initially run to test the concept and these 
proved successful. The initial step in the scaling-up of this process involved 
microwaving at 8kW a 1.6kg briquette that had been insulated with ceramic fibre in 
such a way that the briquette did not touch the ceramic fibre. The briquette was 
supported underneath by a few small pieces of refractory, in order to maintain a gap 
between it and the ceramic fibre. This briquette was comprised of 82% filter cake, 10% 
brown coal char and 8% sand. It had dimensions of 40 x 100 x 200mm. It also had a 
number of holes penetrating it obliquely, to aid in the diffusion of zinc. Heating was 
stopped after 15 minutes, when the briquette had reached a temperature of above 
1200°C. The resultant product was partially metallized had a mechanical strength such 
that it could be dropped form a height of approximately lm  onto concrete without 
breaking. An analysis of Trial 8 is given in Table 4.5.
Table 4.5 Composition of processed briquette(%)
Fe Si02 AI2O3 CaO Mn MgO P K2O TIO2 Zn
TRIAL 8 50.0 15.4 0.88 8.2 0.64 3.3 0.069 0.3 0.16 0.22
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The use of ceramic fibre insulation was, however, impractical, as it could not be 
readily re-used. The next stage was to construct a refractory furnace in the lOkW 
microwave cavity using 12 alumina bricks, each weighing 2.0kg. The refractories were 
arranged in a way such that they formed a rectangular box in which two briquettes 
could be placed. During trialing of this set-up it became evident after about 5 minutes 
of irradiating , that the briquettes were not heating up.
At this stage it was thought that this was due to the alumina refractories absorbing the 
power. This necessitated some research being carried out into refractory heating with 
microwaves. The results of this work indicated that most refractory materials are 
microwave receptive to some extent when they are irradiated. It was evident that the 
smaller the amount of refractory, the more efficient the briquette heating. The effect 
of refractories on heating at low temperatures was found to be small when the 
refractory mass is about equal to the mass of briquettes. It was also apparent that a 
low bulk density refractory was desirable.
The next stage was to reconstruct the refractory furnace in the lOkW microwave 
cavity, using a minimum of refractories bricks. This set-up, which is shown 
schematically in Figure 4.5, was arranged from 4 refractories bricks, and was capable 
of processing two briquettes, each weighing about 1.6kg. Although refractory to 
briquette mass ratio was about 3:1, it was still useful in proving this design.
A number of trials were carried out in this unit. The composition of the briquettes was 
89.5% filter cake, 8% char and 2.5% sand. The initial runs produced a partially 
metallized, sintered product. When the microwave was turned off after 34 minutes, at 
which time the temperature was in excess of 1150°C, it was noticed that zinc fumes 
continued to be given off until the temperature dropped to below 950°C. In the two 
following trials, one briquette was removed and quenched when the microwave was 
turned off and the other allowed to soak and cool slowly. This was done to show the 
effect of soaking at temperatures above 950°C on the zinc content of the briquette.
Figure 4.5. Schematic of 10kW cavity for 
processing of filter cake briquettes.
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Two samples were taken from each briquette in each run, one from the edge and one 
from the centre. Chemical analysis of the product of these trials is given in Table 4.6.
Table 4 .6  Composition of processed briquettes(%)
Fe Si02 AI2O3 CaO Mn MgO P K2O TIO2 Zn
TRIAL 9 
Quenched 
Edge 60.8 7.9 0.98 12.3 0.83 6.0 0.089 0.01 0.20 0.49
Centre 48.9 6.3 0.95 9.7 0.65 4.7 0.068 0.01 0.15 0.62
Soaked
Edge 60.8 7.9 0.95 12.1 0.83 5.9 0.088 0.02 0.19 0.03
Centre 59.7 8.0 1.3 11.9 0.81 5.7 0.084 0.01 0.18 0.19
TRIAL 10 
Quenched 
Edge 49.7 6.7 0.81 10.4 0.68 5.0 0.072 0.02 0.16 1.8
Centre 42.7 5.6 0.73 8.6 0.58 4.2 0.063 0.01 0.13 2.2
Soaked
Edge 58.4 7.7 1.1 12.3 0.83 5.8 0.083 0.01 0.19 0.04
Centre 62.2 10.3 4.3 5.4 0.26 1.4 0.074 0.18 0.59 0.64
Results from Trials 9 and 10 indicate that the soaking period reduces the zinc content of 
the briquette to well below that of the quenched briquette for both edge and centre 
samples. Results also demonstrate that the edge samples have a lower zinc 
concentration than the centre samples. It should also be noted that although Trials 9 
and 10 were carried out under the same conditions, zinc concentrations in the final 
product were observed to vary.
During these trials, briquettes were supported on small pieces of refractory. The base 
refractories were also washed with dolomite. However, after microwaving was
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complete, it was clear that hot spots had developed on the base refractories and the 
wall refractories. Molten briquette had also reacted with the refractories.
Directional coupling equipment (which measures the forward and reflected power 
and allows the set-up to be tuned so that reflected power is minimised) was used to 
tune the equipment during these trials.
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4.2.6 DEDICATED M ICROW AVE CAVITY DESIGN AND DEVELOPMENT
Work carried out prior to this stage had developed the criteria necessary for a
ded ica ted  piece of equipment for this application of microwaves. Criteria
considered when designing Mk I were:
• Reducing conditions are required for the reduction reactions to take place. 
This necessitated the design of a dedicated microwave process with as few 
openings as possible in order to minimise air flow through the system.
• The smaller the microwave cavity, the better, as this allows microwave field 
intensities to be maximised and helps to prevent convection heat loss.
• The use of refractories in a dedicated cavity should be minimised because of 
the development of hot spots in the refractory. Hot spots absorb much 
microwave power and ultimately cause failure of the refractory. As briquette 
temperatures exceed 1200°C, the cavity should be constructed of heat 
resistant stainless steel, so that it can then be insulated from the outside in order 
to minimise heat loss.
• Briquettes should be supported in the microwave cavity in such a way that they 
do not touch the sides of the cavity, thus allowing microwaves to enter the 
briquettes through all of the faces. This would also help to prevent the 
development of hot spots in the stainless steel cavity.
• Briquettes should have sufficient mass to minimise convective heat losses. 
However, they must be of a size and shape which will enable microwaves to 
penetrate them evenly. The briquette size and shape used in the trials 
appeared to satisfy this criteria.
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4.2.6.1 M K I PROCESS
Mk I was designed with these points in mind. Figures 4.6 - 4.9 show photographs of Mk I. 
It consisted of a cavity approximately 230 x 290 x 140mm in dimension with two 5kW 
waveguide ports mounted perpendicular to each other on the rear wall of the cavity. 
Theoretically, this particular orientation of waveguides gives the best coupling 
between microwaves and load. Directional coupling equipm ent was also 
incorporated. As this was an initial design, the cavity was constructed from mild steel, 
as opposed to heat resistant stainless steel.
During the initial trialing of this equipment, briquettes twice the width of the previous 
ones were used. These briquettes occupied approximately one third of the cavity 
volume. They were supported by two steel supports. This is shown in Figure 4.8.
In the first trial of the equipment, steam was given off by the briquette after only a few 
seconds at lOkW of power. After about 40 seconds, when everything appeared to be 
going well, the arc detector on the waveguides tripped the machine out. The steel 
plate door on the cavity was replaced with a steel mesh door so that the inside of the 
cavity could be observed during microwaving. The machine was turned on again 
and after about 30 seconds a plasma was generated between the supports and the 
briquette. The plasma was then attracted to the waveguide ports and formed a large 
arc that travelled along the waveguides and tripped out the machine (see Figure 
4.10).
A mica board was then placed in front of the waveguide ports to act as a physical 
barrier to the plasmas. However, this was effective for only about 2 minutes. After this 
time the mica heated up, became microwave receptive and itself initiated a plasma
that arced out the machine.
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Figure 4.6. Mk I cavity.
Figure 4.7. Waveguides leading to the cavity. Each waveguide has 5kW 
magnetron attached.
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Figure4.8. Cavity with waveguide ports and metal supports for briquette.
r t  ♦
Figure 4.9. Briquette with holes in cavity.
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Figure 4.10 Photograph showing plasmas in waveguides.
Figure 4.11 Photograph showing the effect of a hot spot that has developed on a
briquette *
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The next attempt to stop plasmas from entering the waveguides involved ducting 
compressed air into the waveguides. It was thought that air flow from the waveguides 
to the cavity may be sufficient to blow the plasmas away from the waveguide ports. 
However, when the machine was restarted, plasmas appeared to be unaffected by 
the compressed air and travelled straight to the waveguides, once again tripping the 
machine out.
At this stage, it appeared that the cavity would have to be redesigned so that 
plasmas did not affect the operation of the equipment. Using a Sharp 1300W 
microwave oven turned upside down, so that the waveguide ports were at the bottom 
of the cavity, it was found that a plasma generated above the waveguide ports would 
travel to the top of the oven rather than down to the waveguide ports. With this in 
mind, Mk I was redesigned. A steel platform was welded into position above the 
waveguide ports, so that briquettes similar in size to those used in previous stages 
could be placed on this platform, supported by small pieces of refractory. Any 
plasmas that may be generated would then rise to the top of the cavity, rather than 
travelling to the waveguides. This redesign proved to be successful in the control of 
plasmas.
However, during the first trial of this unit, it quickly became evident that the briquette 
was heating unevenly and slowly. This resulted in the development of hot spots on the 
briquette. An example of a briquette that developed a hot spot can be seen in Figure 
4.11. Analysis of power in the cavity showed that 80% of the microwaves from the 
horizontally orientated waveguide were being reflected and therefore were not 
contributing to the heating. The large heat sink of the cavity would also have been a 
contributing factor to the slowness of the reaction.
Trialing of this unit also demonstrated that any pieces of briquette that happened to 
fall from the platform landed on the bottom of the cavity. These pieces then heated 
up and eventually produced plasmas that tripped the machine.
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At this stage, it was decided to construct Mk II.
4.2.6.2 MK II PROCESS
Mk II was designed and constructed based on the Mk I design plus information gained 
from the trialing of Mk I. Mk II is shown in Figures 4.12,4.15, and 4.16. It was constructed 
from 3mm thick mild steel sheet. As this was still a prototype unit, heat resistant 
stainless steel was not used.
Mk II was designed with the waveguide ports vertically adjacent to each other. It also 
had a sloped bottom with holes at the base so that any pieces of filter cake that broke 
off the briquette would fall out of the cavity. Mk II was similar in design to Mk I in that a 
steel platform supported the briquette .
Briquettes used in the trialing of Mk li were composed of varying percentages of filter 
cake and char and 2% sand. They weighed 1.2kg each and were perforated with a 
series of oblique holes.
During trials, it became evident that the bottom and rear surfaces of the briquette were 
not irradiated with microwaves to the extent that the front and top surfaces were 
irradiated. This led to a situation where the briquette appeared to be sintered and 
partially metallized on the irradiated surfaces and virtually untouched on the other 
surfaces. The steel plate was subsequently removed and replaced with a very low 
bulk density alumina refractory that was a poor microwave receptor. Further trials 
showed that this set-up was successful in irradiating the briquettes evenly (as shown in 
Figures 4.13 and 4.14). Processing time for the briquettes was 13 minutes, at which time 
the briquette temperature exceeded 1150°C. Figure 4.15 shows the system in 
operation - white zinc fumes can be seen coming out of the chimney. During these 
trials, a burning carbon monoxide flame was observed at the top of the chimney. In 
early trials, the zinc was condensed onto a series of plates and in later trials passed 
through a scrubber.
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Figure 4.12. Mk II version of dedicated microwave process.
æ
figure 4.13. Photograph showing a processed briquette.
I
figure 4.14 Photograph showing cross section of processed briquettes
81
Figure4.15 Photograph showing the Mk II Process in operation. ZnO fumes can be seen
coming out of the chim ney.
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A number of trials were carried out in this unit. Chemical analysis of the product from 
each trial is given in Table 4.7.
Chemical analysis (as shown in Table 4.7) shows that zinc may be removed using this 
system. Trials 11 and 12 have had zinc reductions of 99 and 97 percent, respectively. 
The product in each case was partially metallized, but it had little mechanical strength 
and crumbled readily. There appeared to be little or no sintering taking place. Trials 
13 to 16 did not have as much zinc removed, however, they appeared to be partially 
metallized. Briquettes were also able to be dropped form a height of approximately 
lm  without breaking. Results shown in Table 4.7 also demonstrated that although Trials 
13 to 16 were carried out under the same conditions, reductions in zinc content ranged 
from 96 to 70 percent.
Throughout these trials, microwave power in the cavity was continually monitored and 
tuned. In most trials, approximately 10 to 15% of the power was being reflected after 
tuning, which (in view of the tuning equipment that was available) was considered to 
be good.
During the trialing of the Mk II process, a number of problems were encountered. One 
particularly significant problem was the development of hot spots on the microwave 
cavity during microwaving which, had they been allowed to develop further, would 
have destroyed the cavity. These hot spots are pictured in Figure 4.16. There was no 
microwave leakage associated with these hot spots.
As proposed previously, the use of refractories in a microwave cavity at high 
temperatures did not appear desirable. Although the Mk II process was successful in 
removing zinc and sintering the briquettes, the refractories that were used to support 
the briquettes were destroyed during each run. An example of one of these alumina 
refractories is shown in Figure 4.17. It appeared that in each trial a part of the briquette
Table 4.7 Composition of briquettes processed in Mkll Cavity.
Fe Si02 AI2O3 CaO Mn MgO P k2o TI02 Na20 S Zn
Trial 11
80% f.c.; 18% char 58.4 5.7 .72 6.8 .75 2.7 .075 .06 .14 .04 .21 .04
Trial 12
74% f.c.; 24% char 45.9 7.2 .72 6.7 .58 2.8 .060 .09 .17 <.05 .17 .09
Trial 13
92% f.c.; 6% char 59.6 6.3 .91 10.3 .75 4.8 .069 <.05 .17 .05 .24 .69
Trial 14
92% f.c.; 6% char
52.7 9.9 3.8 12.5 .76 6.9 .085 .02 .26 .26 .29 .23
Trial 15
92% f.c.; 6% char
51.5 6.2 1.1 11.9 .73 6.4 .071 <.05 .16 .17 .20 1.2
Trial 16
92% f.c.; 6% char
51.0 8.2 1.4 15.4 .95 8.1 .095 .01 .20 .09 .33 .17
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Figure 4.16. Hot spot developing on the cavity wall.
Figure 4.17. Hot spot that has caused total failure of the refractory.
85
had either melted onto the refractory, or had fallen onto the refractory and then 




4.3.1.1 ZINC REMOVAL FROM STEELWORKS DUSTS
Results obtained during the project clearly show that zinc may be removed from 
inplant fines. The as received filter cake had a zinc content of 4.18%. With microwave 
processing, it was possible to reduce this zinc content by up to 99% to 0.03%. Zinc was 
observed to fume off at temperatures above approximately 950°C in accordance 
with thermodynamic data. In the majority of trials, zinc fume was allowed to oxidise to 
ZnO and then pass through a scrubbing system before being released into the 
atmosphere. In some trials, Zn and ZnO fumes were condensed onto a series of 
plates. However, the collection of Zn/ZnO with this type of equipment proved to be 
difficult and cumbersome and, as it was not a major concern of the project at this 
time, it was not persisted with.
Trials carried out in this project indicate that the removal of zinc from inplant fines using 
microwaves is a very slow process. This was evident even at temperatures of 
approximately 1150°C to 1200°C. Observations of trials, particularly scaled up trials, 
revealed that during microwaving at temperatures above 950°C, zinc appeared to 
fume off for several minutes until microwaving was complete. After microwaving was 
complete, at which time the temperature was above 1150°C, zinc continued to fume 
off for several minutes until the filter cake temperature had decreased to below 
approximately 950°C. The effect on zinc content of soaking the filter cake at a 
temperature above 950°C after microwaving in this manner was demonstrated in 
section 4.2.5. It was found that briquettes quenched immediately after microwaving
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was complete had zinc contents ranging from 0.45% to 1.4% greater than the zinc 
content of briquettes that had been allowed to soak and cool slowly. In some trials, 
zinc was observed to continue fuming off for 15 minutes after microwaving had been 
completed. It therefore appears that the soaking period at temperatures above 950°C 
is very important in the process of zinc removal, owing to the low reaction rates. On 
the scale of work carried out in this project, it would appear that insulation of the filter 
cake would help to maintain a reasonable soaking period. This fact goes some way 
towards explaining certain results obtained in bench scale trials which produced zinc 
contents as low as 0.03% quite readily, whereas scaled up trials in general produced 
zinc contents somewhat higher. It is thought that in the bench scale trials, the thermal 
mass of the insulation for such small samples was sufficient to maintain a significant 
soaking period, allowing nearly all of the zinc to fume off. In scaled up trials, however, 
the relative amount of insulation was much less. Therefore, the soaking period would 
have been reduced, although the thermal mass of the increased filter cake load itself 
would have helped to counteract this effect to some extent. Thus, it may be 
reasonable to assume that holding the briquettes at 1150°C for a longer period, using 
microwaves (or some other form of heating), would enable the zinc content to be 
reduced to less than 0.05% more readily.
It may be reasonable to assume that this type of microwave process is a direct 
reduction process. This would appear to explain the low reaction rates. Reaction 
rates will be largely dependent on the carbon concentration. The as received filter 
cake had a carbon concentration of between 6.5% and 8.5%. If it is assumed that the 
reactions
Fe3C>4 + 4C = 3Fe + 4CO,
ZnO + C = Zn + CO, and
MnO + C = Mn + CO
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are the major reduction reactions taking place in this microwave process, then it is 
evident that there is a deficiency in carbon of between 4% and 7% (depending on the 
percentage of iron and carbon in the filter cake), preventing the reactions from going 
to completion. In the scaled up trials, various amounts of reactive carbon in the form 
of brown coal char were added to the filter cake. An addition of 6% char increased 
the carbon concentration to 21%, which is approximately 1.5 times the stoichiometric 
amount required. The influence of carbon concentration on percentage zinc 
elimination for a specific heating period was demonstrated during the trialing of Mk II. It 
was shown that increasing the carbon concentration to more than 3 times the 
stoichiometric amount required, increased the rate of zinc elimination and, as a result, 
zinc levels as low as 0.05% were achieved. However, the resultant briquettes were not 
sintered and consequently their mechanical strength was very low. Briquettes with a 
carbon concentration approximately twice that stoichiometrically required had a zinc 
content greater than 0.05% after processing. They were sintered with a mechanical 
strength that would allow them to be dropped from a height of lm  onto concrete 
without breaking. Further zinc elimination was achieved by increasing the 
microwaving period and increasing the soaking period.
The temperature of the filter cake would also have influenced the rate of zinc removal. 
During these trials, the filter cake samples were taken to temperatures of about 1150°C, 
when a temperature of (approximately) only 950°C is required thermodynamically for 
zinc removal. Heating the filter cake to 1150°C would have increased the driving force 
for reaction but, as previously discussed, zinc elimination - even at these high 
temperatures - is slow. It would not have been practical to increase the temperature 
to above about 1150°C as the filter cake would have melted and caused damage to 
the surrounding refractories or cavity.
The form in which the filter cake was processed did not appear to influence the rate of 
zinc removal. Zinc was observed to continue to fume off from both briquettes and
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pellets for several minutes after microwaving was complete. The briquettes were 
perforated with several oblique holes, so that the diffusion distance for the zinc could 
be reduced as much as possible. The briquettes, however, did appear to heat up at 
a higher rate than the pellets. Results in sections 4.2.4 and 4.2.5 show that a briquette of 
the same mass as a load of pellets heated up approximately 1.4 times faster than the 
pellets. It is probable that the increased bulk density of the briquette compared to the 
load of pellets increased the microwave receptivity of the filter cake, thereby causing 
it to heat at a faster rate.
Throughout both laboratory scale and pilot scale trialing it became evident that 
reductions of zinc were not repeatable. For example, analyses shown in Table 4.7 for 
Trials 13 to 16, which were carried out under the same conditions, the reduction in zinc 
ranged from 70 to 90 percent. A possible explanation of this is the way in which 
microwaves interact with materials in a multimode cavity, thereby causing the 
materials to heat unevenly. This was discussed in sections 2.3.3.1 and 2.3.3.2.
4.3.1.2 PROCESS DEVELOPMENT
The development of a microwave process for the removal of zinc from inplant fines 
involved combining a number of microwave engineering and metallurgical 
principles. No other microwave process incorporating such intense microwave fields 
and high temperatures, is known to exist. The Mk II process, described in section
4.2.6.2, was a design tha t incorporated information gathered from prior 
experimentation (described in the sections 4.1 to 4.2.6.1). The process has proven to 
be successful in the removal of zinc from inplant fines. The products that result from 
this process are also partially metallized and well sintered with a good mechanical 
strength and would be highly suitable as a coolant for BOS operations at SPPD.
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The Mk II design, in its present state of development, would be capable of processing 
approximately 8kg per hour of feed with lOkW of power. It is envisaged that this could 
be increased to 10kg per hour quite easily with minor development of the materials 
handling side of the process so that the hot product could be removed from the 
cavity more easily.
During the initial process development, it was envisaged that pellets of inplant dusts 
would feed the process. However, as described in section 4.2.4, it soon became 
apparent that the hot pellets reacted adversely with the refractories. It was thought 
that briquettes of inplant dusts could solve this problem as they did not have to be 
supported by refractory walls. They could also be supported from underneath by 
small pieces of refractory. This necessarily meant that the briquettes did not come 
directly into contact with the base refractory. However, as described in section 4.2.5, 
part of the briquette became molten and then dropped onto the refractory, once 
again resulting in failure of the refractories. Several refractories were trialed. However, 
they all reacted with the briquettes in a similar manner to that described above.
Refractory damage during these trials resulted from molten or semi-molten filter cake 
coming into contact with the refractories. The filter cake at these contact points 
continued to heat. However, it heated at a faster rate than the filter cake which was 
not in contact with the refractory as it was better insulated. As it is considered that in 
some cases microwaves preferentially seek the hottest part of the load, the hotter 
contact points absorbed more microwaves and consequently heated at an even 
faster rate, developing into what is known as a 'hot spot'.
It is thought that when the temperatures of the hot spots reach about 1500°C, the 
surrounding refractories themselves become very microwave receptive and start to 
heat at an increasing rate to temperatures in excess of 1800°C. This is known as a 
’runaway effect'. At these temperatures, the refractories start to  melt and 
consequently fail. At lower temperatures of about 1500°C, the molten filter cake tends
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to react chemically with the refractories, subsequently leading to failure of the 
refractories. To minimise the effect of this chemical reaction, a dense refractory 
would be desirable. In general, however, the denser the refractory, the more 
microwave receptive it is, which is not desirable. The understanding of how 
microwaves influence refractory behaviour at temperatures above about 1000°C led 
to the decision that the dedicated microwave system should have a heat resistant 
stainless steel cavity, rather than a cavity lined with refractory.
Mk II was designed with this in mind. As described in section 4.2.6.2, Mk II initially 
incorporated a steel platform in the cavity on which the filter cake briquette sat. 
However, as reported, microwave irradiation of the briquette was not even and this 
platform was subsequently replaced with a low density alumina refractory. Although 
the briquettes could be successfully irradiated with this set-up (as described in section 
4.2.6.2), the refractory base failed during each trial in the manner described previously.
The Mk II cavity was made of mild steel. However, heat resistant stainless steel would 
have been more appropriate due to its ability to withstand higher temperatures and its 
lower loss factor, which leads to a more efficient heating of the product. As described 
in section 4.2.6.1, the metal cavity developed hot spots on its walls. These hot spots 
would have developed in a similar manner to those in refractories - that is, some spots 
on the cavity wall reached a temperature at which the mild steel became microwave 
receptive and absorbed microwaves. Another disadvantage with the mild steel 
cavity was the difficulty in maintaining a reasonable soaking period for the briquettes.
The Mk II design was successful in controlling plasmas that were generated from the 
filter cake. Plasmas are generated when arcs occur on the surface of the briquettes. 
These arcs ionise the gases in the cavity and the electromagnetic field in the cavity 
then sustains the plasmas. As demonstrated by the initial Mk I design, the plasmas 
must be kept away from the microwave waveguide ports for the equipment to 
operate successfully. This task was made difficult by the intensity of the microwave
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fields in the cavity. The Mk II design, however, was successful in keeping the plasmas 
away from the waveguide ports.
Plasmas appear to be generated from the briquettes when the briquette temperature 
reaches about 950-1000°C. Plasmas can then be generated almost continuously. 
These plasmas have a mean temperature of about 900°C. In the Mk II cavity, the 
plasmas were contained so that they stayed around the briquettes, thereby utilising 
the heat of the plasmas. However, they have a negative effect on the efficient 
heating of the briquettes as they absorb a large proportion of the microwaves. This 
was clearly demonstrated in this work by the fac t that reflected power would 
decrease to zero and norvinsulated briquettes would cool down when plasmas were 
being generated.
The Mk II dedicated microwave system was therefore successful in the process of 
zinc removal from briquettes, although a number of technical difficulties remain. The 
major difficulty associated with this process is the adverse effect that microwaves 
have on hot refractories. It does not appear that this difficulty can be solved by 
omitting a refractory lining, as equally significant technical difficulties are associated 
with this concept as well. It appears that these difficulties will remain, as most readily 
available materials become microwave receptive at the high temperatures that are 
required for this type of process.
The presence of plasmas is also a problem that, at this stage, cannot be resolved. 




The major reduction reactions taking place appear to be the reduction of Fe3C>4 to Fe, 
ZnO to Zn and MnO to Mn. It is thought that Fe in the as supplied filter cake was, on 
average, Fe3C>4. It is realised that it must in fact be a mixture of Fe, FeO, Fe3C>4 and 
Fe203. However, this assumption appears justified as the filter cake is magnetic in the 
as supplied form and chemical analysis indicates an Fe/O ratio of about 3:4 . As 
previously discussed, Zn is fumed off. Other elements in the filter cake appear to be 
simply concentrated into the final product as the oxygen and carbon are eliminated.
The final product is partly metallized and would make an ideal coolant for the BOS. 
The CaO + Mg0/Si02 + AI2O3 ratio for the final product ranges from approximately 1.2 
to 2. In order to sinter the briquettes, Si02 in the form of beach sand was added to the 
filter cake. In most cases, 2.5 wt. percent was added. The final product consequently 
had Si02 contents ranging from 5.5 to 9.9 percent. Although this figure is high, it is 
probable that it could be significantly reduced with further work.
The level of sulphur in the final product ranged from 0.17 to 0.45 percent. These levels 
are high. However, the initial filter cake had sulphur contents of between 0.17 and 0.35 
percent. Microwave processing appeared to have little or no influence on the sulphur 
levels of this final product, other than the concentrating effect. In some cases, 
however, H2S was detected during processing, suggesting the elimination of some 
sulphur.
4.3.2 POWER CONSUMPTION
All experimentation was carried out using microwaves with a frequency of 2450MHz.
Power levels of 1.3kW and lOkW were used for bench scale and scaled up work 
respectively.
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Power consumption figures are shown below and are based on the microwaving of 
1.4kg briquettes (10% moisture) of filter cake and char for a period of 13 minutes in the 
Mk II microwave system. It should be noted that during processing an approximate 
weight loss of 40% occurred due to water being driven off, the reduction of iron oxides 
and MnO, the burning of carbon and the fuming off of zinc. The final mass of the 
briquette was approximately 900g.
Power from Magnetrons = oven input power x treatment time x wt. upscaling
13
= 8.5kW x ^  x 1000.900
= 2046kWh/tonne of product.
The Mk II process used 5kW magnetrons, which are approximately 70% efficient. 
Therefore
100Mains Power = 2046 x
7u
= 2923 kWh/tonne of product.
(Note: 70% efficiency results from the power requirement for water pumps fans, 
control equipment, etc.)
As a rough guide to the power consumption efficiency of this process, the theoretical 
power requirement for the direct reduction of Fe2C>3 to Fe is 1370kWh per tonne of iron. 
In practice, a typical electric pig iron furnace may consume approximately 2000kWh 
per tonne of iron(41).
The power consumption of the Mk II process may therefore be considered as high. 
However, it is probable that this could be significantly reduced with further work. The 
most obvious reduction in power consumption could be made through the utilisation 
of the off gases that are generated during the reduction process to preheat the filter 
cake briquettes. It is also well established that microwaves are a very expensive way
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of drying. Utilisation of the off gases once again to dry the initial 7-10% moisture in the 
briquettes would lead to a reduced power consumption. It may also be possible to 
utilise the heat released when zinc is condensed or reoxidized to ZnO to help in either 
the drying or preheating stages.
The power consumption may also be reduced by using microwaves only to heat the 
briquettes to a temperature of about 1150°C and subsequently using a cheaper form of 
heating to maintain this temperature so that complete reaction may take place. The 
burning of some of the carbon in the briquette to maintain this temperature may be 
one possibility. This, however, would have to be done in such a way as to maintain 
reducing conditions. It can, therefore, be seen that the electrical power consumption 
could potentially be significantly reduced with further development. At this stage, 
however, it is not known by how much this figure could be reduced.
There are, however, problems associated with the nature of microwaves and the 
design of the Mk II process that account for some of the high power consumption 
figures and which cannot be easily resolved. The most obvious problem, the 
absorption of microwaves by refractories at high temperatures, has already been 
discussed. The existence of plasmas during the microwaving also contributes to the 
high power consumption. As previously described, these plasmas appear to absorb 
a large proportion of the microwave power and therefore decrease the efficiency of 
heating. It appears that changes must be made to the Mk II process in order to 
overcome these problems.
The developments discussed above may work towards the resolution of some of 
these problems. A 915MHz microwave system may have an influence on the power 
consumption. Benefits may arise because of the increased microwave penetration 
of 915MHz microwaves into the load. The difference in frequency may also affect the 
coupling efficiency of the microwaves with the filter cake load and with the 
refractories. A different frequency would also allow a flexibility of design of the Mk II
process. These ideas have not yet been trialed, as the Microwave Applications 
Research Centre did not a t the time have a 915MHz system. However, the Centre is in 




A microwave process has been developed that is capable of removing zinc from 
inplant fines. The final product is virtually zinc free, partially metallized, well sintered 
and would make a good coolant for the BOS. There are, however, technical problems 
associated with the process which result from the nature of microwave behaviour at 
high temperatures. These problems specifically relate to the absorption of 
microwaves by the refractories a t the temperatures required for the reduction 
reactions to take place and also the existence of microwave sustained plasmas at 
temperatures above about 900°C.
The electrical power requirement for this process is 2920kWh/tonne of sintered 
product. This high value is a result of the reaction rates, the process design and the 
efficiency of microwaves in general.
It is felt, however, that with further technical development and perhaps the use of a 
915MHz microwave system, some of the technical difficulties could be solved and 
power consumption figures could be reduced. The potential for further work is 
discussed in the following section.
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4.5  FURTHER WORK - CONTINUED DEVELOPMENT OF THE MK II PROCESS
The development of the Mk II Process had reached a stage where a number of 
technical problems appeared to make it technically and commercially unattractive. 
However, the product that may be obtained from the Mk II process has the potential to 
be highly suitable as a coolant for the BOS. Therefore, it may have been considered 
worth proceeding with the development of the process.
The major technical problems were associated with the heating of refractories and 
the existence of plasmas. It is possible that these problems may be overcome to 
some extent with further development. It is believed that the system could work if the 
briquettes in the cavity were not in contact with, or in a position where they might fall or 
melt onto, a refractory. A design of a semi-continuous system, in which unprocessed 
briquettes are placed on processed briquettes that are being drawn down and out of 
the cavity, may satisfy this requirement. The use of some other form of heating, such 
as the burning of excess carbon in the briquette to maintain the reaction temperature, 
may also help minimise this problem.
The problems associated with plasmas are more difficult. However, if the plasmas are 
kept around the briquette, their effect will be minimised, and the use of some other 
form of heating once a temperature of approximately 1150°C is reached, would 
eliminate their presence.
The high electrical power consumption may be reduced by the use of cheaper forms 
of heating to drive off water and to maintain the reaction temperature once it has 
been reached. The use of the off gases to preheat the briquettes will also be of 
benefit as has already been discussed.
There appears to be potential for further development of the Mk II process which may 
lead to a commercial success in the future. However, a t this stage, there are a
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number of problems tha t may raise doubts about the usefulness of continued 
development. Technical and commercial feasibility is in no way a certainty.
Another opportunity for further work was following the alternative route originally 
proposed, that being,microwave preheating of briquetted dusts followed by bath 
smelting. This will be discussed in section 4.6.
4.6  MICROW AVE PRECURSOR TREATMENT PLUS BATH SMELTING
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4 .6  M ICRO W AVE PRECURSOR TREATMENT PLUS BATH SMELTING
As mentioned in the Introduction, a possible alternative to the direct microwaving 
process described in sections 4.0 to 4.5, was the preheating of briquetted dusts using 
microwaves and the subsequent dumping of the heated briquettes into a molten iron 
bath. The products of the process would be molten pig iron, slag, and zinc oxide. The 
concep t was evolved in 1986 by Prof. H. K. Worner, and researched a t the 
Wollongong TAFE College with help from Mr L Reilly. Prof. Worner applied for his first 
patent on the microwave precursor heating ahead of bath smelting in early 1987. This 
work continued through 1987 and 1988. A brief description of the process and results 
are given below due to the significance of it with respect to research that has been 
undertaken by the author.
The process consisted of heating extruded steelworks dusts/ brown coal char 
composites to a temperature of about 700 - 800°C in a 1.3kW microwave cavity. The 
heated composites were then dumped into a molten iron bath that was heated in a 
gas fired furnace. The bath was also oxygen lanced so as to maintain temperatures 
of at least 1400°C. Chemical analysis of the feed and resultant iron product is shown in 
Table 4.8.
This process appeared to have immediate technical advantages over the existing 
Mk II Process. In particular, refractories were not required during microwaving, and 
plasmas were not generated at the temperatures the briquettes were being 
preheated to. It is also likely that power consumption advantages would exist over the 
Mk II Process when it is considered that for a small amount of additional energy a fully 
molten product may be produced which has a greater commercial value. This 
alternative route may also have the potential to produce speciallised alloy foundry
irons.
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Tab le  4 .8  Analyses for precursor treatment plus bath smelting trials(%).
FEED:
Steelworks Dust Composition 
Fe SO2 AI2Q3 CaO MnO MgO p K20 TO2 Zn Cr Ni LOI
35.8 3.12 0.60 7.36 1.04 260 0.048 Q29 0.24 8.0 0.04 0.06 -
Composite Composition
Fe SO2 AI2Q3 CaO MnO MgO P K2O T1O2 Zn Cr Ni LOI
16.5 1.32 0.34 298 0.41 1.29 0.034 0.03 0.11 3.1 _ _ 66.6
PRODUCT:
Composition of Metal Produced for Trials 1.2 and 3
S S P M n N i C r  T I M o C u V S n C o M g C  
0.98 0.076 0.29 0.52 0.045 0.042 0.013 <.005 0.21 0.021 0.01 0.011 <.005 4.45
0.09 0.066 0.25 0.14 0.039 0.037 <.005 <.005 0.22 0.023 0.015 <.005 0.013 4.7
2.46 0.011 0.25 0.77 0.032 0.046 0.12 <005 0.19 0.039 0.013 0.007 0.008 4.9
Che remaining percentages being iron)
5 .0  IRON DUST ASSISTED SEWAGE SEDIMENTATION
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5.0 IRON DUST ASSISTED SEWAGE SEDIMENTATION
5.1 BACKGROUND
Following the recommendations for further work described at the end of section 4.0 it 
was decided to adopt the route of producing a fully metallized product rather than 
continuing the development of the Mkll process.
As shown in section 4.6 the process of producing a fully metallized product proved 
successfull. These trials used Victorian brown coal char as a reductant. At the 
beginning of this second stage of work, it was suggested that the reductant could be 
provided by carbon in the form of sewage sludge. The envisaged process would 
effectively take two waste products, namely sewage sludge and steelworks dusts, 
and smelt them together in a special furnace. The process would produce a pig iron 
product that could be used as a 'clean' zinc free source of scrap for BOS operations, 
or if the chemistry was appropriate, it could even produce iron for the Australian 
foundry industry which currently imports most of its iron requirements. Small scale 
preliminary experiments indicated that the concept did work.
It was further suggested that the iron dusts could be used to help settle solids in 
sewage influent. Such a process would involve firstly mixing iron dusts into screened 
raw sewage and subsequently mixing a flocculant into the mixture of raw sewage and 
dusts. It was envisaged that the flocculated steelworks dusts and sewage solids would 
have sufficient density so that the floe formed would rapidly settle leaving a treated 
sewage effluent that has most of the solids removed. The resulting effluent could be 
safely disposed of at sea with suspended solids less than 50ppm and biological 
oxygen demand (BOD) less than 50ppm. A settling rate for sewage solids of 
approximately 150mm/min would be required for Port Kembla sewage treatment 
plant where it is envisaged that a settling process would be initially installed. Larger
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plants such as those in the Sydney area would require higher settling rates. The sludge 
formed would contain a mixture of iron dusts, sewage solids and flocculant. 
Preliminary experiments proved this to be the case.
After the settling of the sludge, the next stage in the process would involve gathering 
the sludge, dewatering it, agglomerating it, and feeding it to the furnace.
A flow sheet depicting the sequence of operations from raw sewage and steelworks 
dusts to marketable products is shown Figure 5.0.
The process described above has the potential to go a long way to solving the 
significant environmental problems posed by sewage treatment and disposal, as well 
as dust disposal problems. It addresses both the problems of sewage treatment and 
sewage sludge disposal. The potential environmental benefits of this project have 
been recognised and this has led to significant expenditure by the Water Board, 
Electricity Commission and BHP into the research and development of the process.
The following section of this thesis describes research and development undertaken 
by the author in the development of the iron dust assisted sedimentation process to a 
pilot scale size.
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STEELWORKS DUST/SLUDGE SCREENED SEWAGE
M A R K E T M A R K E T M A R K E T
Figure 5.0 Row sheet showing sequence of unit operations from raw 
sewage and steelworks dusts to marketable products.
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5.2  EXPERIMENTAL
5.2.1 PORT KEMBLA SEWAGE TREATMENT PLANT
Research on the iron dust assisted sewage sedimentation was carried out at Port 
Kembla Sewage Treatment Plant (PK STP). This plant is a relatively small plant that 
treats approximately 15 x 106 litres/day during dry weather flow and up to 80 x 106 
litres/day during wet weather flow. PK STP treats sewage influents from residential 
areas, light industrial areas and heavy industrial areas. The locations treated are 
Dapto, Warrawong, Unanderra, and Port Kembla.
PK STP is a primary treatment plant that firstly screens the raw sewage, degrits the 
sewage, settles approximately 50 percent of the solids, and then releases the effluent 
to the ocean. There is two sedimentation tanks, each with a capacity  of 
approximately 850 000 litres.
The average residence time is therefore about 2 hours 40 minutes, however, this figure 
obviously varies with normal daily variations of influent flow rates. During dry weather 
flow, the minimum residence time rarely decreases to below 2 hours, however, during 
wet weather flow it may be decreased to less than 20 minutes.
The sludge generated during settling is pumped from the settling tanks to the 
digestors. Periodically mobile dewatering equipment is brought to the plant to remove 
the digested sludge from the digestors. The sludge is currently disposed of in a land 
regeneration program being undertaken by BHP.
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Typical analysis of influent to PK STP is shown in Table 5.1.
Table 5.1 Analysis of PK STP influent.
Suspended Solids (ppm) 180-350
BOD (ppm) 170-420
Oil and Grease (ppm) 20-65
Nitrogen (ppm) 30-70
Phosphorus (ppm) 8-16
Sewage also contains heavy metals, organo-chlorines, PCB's, other toxins, and 
bacteria.
5.2.2 LABORATORY SCALE TRIALING
Objectives of the laboratory scale trialing were to
(a) Establish flocculant requirements to achieve suspended solids below 50 
ppm
(b) Establish waste dust requirements to achieve desired suspended solids 
and reduced B.O.D. levels
(c) To determine the effect of the settlement process on heavy metal 
contaminants
(d) To measure the effect of waste dust additions on the settling rate of solids
(e) To determine if dust addition is adversely affecting water quality
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5.2.2.1 SELECTION OF FLOCCULANT
Initial bench scale trialing was carried out to determine the appropriate flocculant for the 
sewage-iron dust settlement process. This involved mixing 300 ppm of filter cake into 1 
litre samples of screened raw sewage and subsequently adding anionic, nonionic and 
cationic flocculants at the rate of 15 ppm. Samples were allowed to settle for 20 minutes 
after mixing. A settling time of 20 minutes was choosen so that it would somewhat 
simulate settling time encountered in a full scale process during periods of high flow rate. 
Suspended solids tests were carried out on these samples. Results are given in Table
5.2. Trials were later repeated.
Table 5.2 Suspended solids analyses of trials carried out to determine flocculant type.
Susoended solids (oom)
Samole Trial A Triql B
Influent 248 219
Influent + anionic floe (15 ppm) 218 201
Influent + nonionic floe (15 ppm) 132 110
Influent + cationic floe (15 ppm) 22 18
Suspended solids results shown in Table 5.2 indicate that cationic flocculants result in the 
greatest solids removal. Cationic removed approximately 90 percent, nonionic 
removed approximately 50 percent and anionic did not appear to have any effect on 
solids removal. Anionic flocculants only proved successful in the presence of a 
coagulant such as alum or ferric chloride.
Due to  the  success o f the ca tion ic  floccu lan t, a num ber o f ca tio n ic  floccu lants from
Cyanam id Pty Ltd, Catoleum  Pty Ltd., and Allied Colliods Pty Ltd. were trialed. Trials were
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carried out using the same procedure as that described at the beginning of section 
5.2.2.1. The influent had a suspended solids level of 221 ppm. Results are shown in Table
5.3.
T a b le  5 .3  Suspended solids analysis of samples treated with various cationic 
flocculants.












Suspended solids analysis of treated samples shown in Table 5.3 demonstrated that high 
cationic charge flocculants supplied by all companies proved successful in the 
removal of up to 90 percent of the suspended solids. However, Catoleum Pty . Ltd. 
supplied flocculants in liquid form which enabled ease of preparation, and it was 
therefore decided to use Catoleum flocculant AA186H.
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5 .Z 2 .2  FLOCCULANT REQUIREMENT
Preliminary settling trials were undertaken to establish parameters such as steelworks 
dusts and flocculant additions. This involved mixing various amounts of dusts into 
screened raw sewage and subsequently adding various amounts of flocculant. 
Qualitative analysis showed steelworks dust additions of between 100 and 300 ppm were 
necessary to settle all of the solids rapidly. These trials also showed that flocculant 
additions of between 5 and 15 ppm were necessary to flocculate all solids.
After establishing the steelworks dusts and flocculant requirement ranges, a 
comprehensive set of trials was performed to determine the actual flocculant 
requirement. These trials involved systematically varying flocculant additions for an iron 
dust addition of 200 ppm, and also for an addition of 200 ppm of iron dust plus 100 ppm of 
burnt lime waste dust. Trials were carried out using 1 litre samples of screened raw 
influent.
After flocculation, samples were allowed to settle for 20 minutes, after which the 
supernatant liquid from each sample was decanted and analysed for suspended solids 
and BOD. Trials were carried out on 5 influents over 5 days. The influents were sampled at 
about 9.00am each day. Results are shown in Tables 5.4 to 5.8. Percent reduction of 
suspended solids are shown in Appendix 2.
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Influent - Suspended Solids (ppm) - 221 
-BOD (ppm) -300








S.S. BOD S.S. BOD S.S. BOD
ppm ppm ppm ppm ppm ppm
3 108 240 118 228 123 140
4 80 240 95 208 89 130
5 ¿4 208 ¿9 212 71 130
7 59 190 58 170 64 60
10 48 180 44 141 49 41
15 31 173 38 130 36 30
Table 5.5 Analysis of suspended solids and BOD for TRIAL 2:
Influent - Suspended Solids (ppm) - 189 








S.S. BOD S.S. BOD S.S. BOD
ppm ppm ppm ppm ppm ppm
3 100 210 104 203 no no
4 92 204 93 195 95 83
5 61 195 60 190 64 6?
7 47 182 48 171 49 49
10 43 181 44 154 46 30
15 25 16? 29 140 30 28
I l l
Influent - Suspended Solids (ppm) - 198









S.S. BOD S.S. BOD S.S. BOD
ppm ppm ppm ppm ppm ppm
3 no 300 113 280 118 108
4 101 294 108 264 112 9?
5 94 281 93 250 98 64
7 80 268 78 241 83 43
10 50 250 52 230 55 41
15 31 220 36 218 39 39
Table 5.7 Analysis of suspended solids and BOD for TRIAL 4:









S.S. BOD S.S. BOD S.S. BOD
ppm ppm ppm ppm ppm ppm
3 92 180 94 170 95 143
- 4 82 181 82 163 89 130
5 6? 171 71 154 71 81
7 50 163 55 154 56 50
10 39 151 41 144 47 42
15 22 138 28 130 36 25
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Influent - Suspended Solids - 214 ppm 
-BOD -370 ppm









S.S. BOD S.S. BOD S.S. BOD
ppm ppm ppm ppm ppm ppm
3 80 280 68 270 76 100
4 56 320 68 260 72 100
5 72 350 56 250 92 47
7 52 260 56 220 60 140
10 52 270 44 220 48 48
15 32 250 40 200 28 36
23 8 200 16 140 12 30
Results presented in Tables 5.4 to 5.8 and those in Appendix 2 demonstrate the following 
points.
(a) Analyses shown in Tables 5.4 to 5.8 demonstrate that increasing the flocculant 
dose rate results in an increased suspended solids reduction. Flocculation by 
itself significantly reduced the suspended solids with a settling time of 20 minutes. 
It appears that an addition of at least 10 ppm of flocculant was required to reduce 
the suspended solids to below 50 ppm.This level of addition corresponds to a 
solids removal ranging from approximately 71 to 80 percent. Figures of below 50 
ppm were obtained with increased flocculant additions. Results for 'dusts + 
flocculant' appear to show that the addition of steelworks dusts does not 
significantly affect suspended solids for a particular flocculant dose. The further
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addition of burnt lime appears to confirm this, however, in most trials suspended 
solids were a few ppm higher.
Figure 5.1 shows the average percent suspended solids reduction during the 5 
trials for the three types of trials (i.e., 'floe only', 'floc+dust' and 'floc+dust+lime') 
as a function of flocculant addition. It can be seen that the percent reduction in 
each case for a particular flocculant addition is similar.
(b) Flocculation alone reduced BOD by up to approximately 35 percent at 10 ppm. 
With increased flocculant addition it was possible to reduce the BOD by up to 
about 40 percent. Results for 'flocculant + dusts' appear to indicate that the 
addition of dusts decreases the BOD to below that for flocculation alone by about 
10- 20 percent at 10 ppm flocculant addition. The results also show that the 
addition of 100 ppm of lime reduces the BOD by between 60 and 90 percent at the 
various flocculant additions.
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Figure 5.1 Average percent reduction of suspended solids during 5 trials for 
‘flocculant only', flocculant + dust' and flocculant + dust + lime.
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5.2.2.3 DUST REQUIREMENTS
Having established the flocculant requirements, a systematic series of trials were carried 
out in order to determine the actual iron dust and lime dust additions to achieve the 
desired suspended solids and BOD. In the first series of trials various additions of dusts 
ranging from 0 to 300ppm were made to 1 litre samples of screened influent. Samples 
were flocculated at dose rates of 5,7 and lOppm. In the second series of trials 150ppm of 
iron dust plus various additions of lime ranging from 0 to 300ppm were made to 1 litre 
samples of screened influent. Samples were flocculated at dose rates of 5, 7 and 
lOppm. A settling time of 20 minutes was allowed. The influent temperature was constant.
Results are shown in Tables 5.9 and 5.10. Trials were carried out on influent with a 
suspended solids of 202ppm and a BOD of 210 ppm. Repeat trials results are shown in 
Appendix 3.
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0 58 130 54 125 38 87
150 ¿8 89 48 72 36 -
225 78 83 50 78 36 -
300 78 71 58 70 36 -






















0 68 89 48 72 36 -
100 70 63 60 40 50 26
200 92 d4 72 60 44 36
300 82 61 60 28 48 31
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Results shown in Tables 5.9 and 5.10 confirm results presented in Tables 5.4 to 5.8. They
further appear to demonstrate the following points.
(a) The optimum treatment under conditions described at the beginning of this 
section requires a flocculant addition of 10 ppm in order to flocculate at least 75­
80 percent of the suspended solids. The addition of steelworks dusts again did not 
significantly affect suspended solids at a lOppm flocculant addition as shown in 
Figure 5.2. At a flocculant addition of 5ppm, however, a slight increase in 
suspended solids was observed. The addition of lime did appear to increase 
suspended solids by up to approximately 7 percent at all flocculant dose rates 
as shown in Figure 5.3.
(b) The addition of 100 ppm of lime waste dust appeared to reduce the BOD 
significantly. For example, as shown in Table 5.10, 100 ppm of lime at a 10 ppm 
flocculant dose rate reduced the BOD from 210 ppm to 26 ppm. Results also 
showed that further additions of lime, i.e., 200 ppm and 300ppm did not 
significantly further reduce the BOD.
(c) The addition of filter cake did not significantly reduce the BOD when compared to















5.2.2.4 HEAVY METAL CONCENTRATIONS
It was necessary to quantify the effect of the settlement process on the heavy metal 
concentration in the treated effluent. This involved carrying out trials in a similar manner 
to those carried out previously and having the treated effluent analysed for heavy 
metals.
Trials were carried out using a number of iron dusts. These included BOS baghouse 
dusts, blast furnace dusts which included flue dust and cyclone dust, and also filter cake 
which as described in section 2.1.2 is a mixture of all types of dusts.
The treatment process used lOppm additions of flocculant. All samples contained 
150ppm of lime (plus an iron dust), and had 20 minutes settling time. Influent temperature 
was constant.
Results are shown in Table 5.11. Repeat trial results are shown in Appendix 4.
Table 5.11 Heavy metal concentrations in influent and effluent treated with various iron 
dusts
Dust Type Heavy Metals (ppm)
Cu Pb Ni Zn Cd a Hg As
Influent 123 40 40 1100 52 23 0.25 0.36
150ppm Filter Cake 87 10 36 190 9 9 0.29 <0.1
300ppm Filter Cake 87 23 80 170 9 16 0.36 <0.1
150ppm BOS 25 10 85 47 4 23 0.28 <0.1
150ppm Cyclone 43 5 21 44 3 ND 0.24 0.27
150ppm Flue Dust 26 6 26 42 3 ND 0.23 0.22
121
As shown in Table 5.11 heavy metal concentrations have in most cases been 
significantly reduced with the exception of the mercury. Repeat results shown in 
Appendix 4 confirm the removal of heavy metals by this treatment process. Results 
show that samples treated with dust from the blast furnace have heavy metal levels 
lower than those treated with BOS baghouse dusts and filter cake dusts.
5.2.2.5 SETTLING RATE OF FLOCCULATED SOLIDS
Trials were carried out to determine the effect of the flocculant and dust addition on the 
settling rate of the sewage solids. A series of trials were carried out at flocculant dose 
rates of 5ppm, lOppm and 15ppm. For each dose rate, increasing amounts of dust were 
added to the influents. These iron dust additions (filter cake) were Oppm, 75ppm, 
150ppm, 225ppm and 300ppm.
Trials were carried out in 1000ml plastic cylinders. The cylinders had a surface area of 
66.67cm2 and a height of 150mm. The cylinders were graduated into four sections, each 
section having a height of 37.5mm. It was considered that the surface area was sufficient 
such that wall effects from the container would be negligible.
The sequence of trialing involved mixing the various quantities of dusts into 1 litre 
samples of sewage and subsequently adding various amounts of cationic flocculant. 
The samples were mixed so that complete flocculation had taken place. The 
flocculated solids were then allowed to settle. Influent temperature was constant.
The effect of the dust additions on the settling rate of floe particles may be observed in 
Figures 5.4 to 5.7. The photographs show the effect of increasing amounts of iron dust on 
the settling rate of flocculated particles. Photographs were taken at 15 second intervals.
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Figure 5.4 Photograph showing the effect of increasing amounts of iron dust on 
settling rate of flocculated iron dust/sewage solids at 0 seconds.
Figure 5.5 Photograph showing the e ffect o f increasing amounts of iron dust on
settling rate o f f lo ccu la te d  iron dust/sewage solids a t 15 seconds.
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Figure 5.6 Photograph showing the effect of increasing amounts of iron dust on 
settling rate of flocculated iron dust/sewage solids at 30 seconds.
Figure 5.7 Photograph showing the e ffect of increasing amounts of iron dust on
settling rate o f flo ccu la ted  iron dust/sewage solids a t 45 seconds.
124
The settling times of the flocculated solids were determined by measuring the time 
taken for an 'average' sized floe particle to settle. The majority of floe particles at a 
particular flocculant addition visually appeared to have the same size. Flocculated 
particles were observed to develop fully during mixing. During settling, flocculated 
particles were observed to settle independently of each other. The time taken for each 
particle to pass each graduation on the cylinder was recorded. Each trial was repeated 
at least five times. The standard deviation of the data was calculated. Trials were 
carried out on three sewage influents of varying suspended solids concentration. The 
influents used in the three trials had suspended solids levels shown in Table 5.12.





Results of settling trials are presented graphically in Figures 5.8 to 5.16. Complete tables of 
results are shown in Appendix 5. Figures 5.8 to 5.16 graphically demonstrate the effect of 
iron dust additions on the settling times of flocculated particles at various flocculant 
additions. Settling times in the graphs represent average times taken from settling data 
shown in tables in Appendix 5. Standard deviations of data are also shown in Appendix
5.
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Influent 2: Effect o f dust additions on settling tim e a t 5ppm








Figure 5.12 Influent 2: Effect o f dust additions on settling tim e a t lO ppm








Figure 5.13 Influent 2: Effect o f dust additions on settling tim e a t 15ppm








Figure 5.14 Influent 3: Effect o f dust additions on settling tim e a t 5ppm












Figure 5.15 Influent 3: Effect o f dust additions on settling tim e a t lO ppm








Figure 5.16 Influent 3: Effect o f dust additions on settling tim e a t 15ppm
floccu lan t addition.
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Figures 5.8 to 5.16 demonstrate the following points.
(a) The settling time data for flocculated particles at particular dust and flocculant 
additions, appears to be linear.
(b) The settling times of floccu la ted particles decrease with increasing 
concentrations of steelworks dusts.
(c) Increasing the flocculant addition decreases the time required for settling at a 
particular dust addition.
For influent 1, the settling times were reduced by 70, 70 and 60 percent at flocculant 
additions of 5, 10, and 15ppm, respectively, with the addition of 300ppm of dusts. For 
influent 2, the settling times were reduced by 66,56 and 60 percent at flocculant additions 
of 5, 10 and 15ppm, respectively, with the addition of 300ppm of dusts. For influent 3, the 
settling times were reduced by 56,50 and 50 percent at flocculant additions of 5,10 and 
15ppm, respectively, with the addition of 300ppm of dusts.
It was visually observed during settling trials that the floe particle size increased with 
increasing flocculant addition. It was observed that the floe size was increased by 
approximately 50 percent when the flocculant dose rate was increased from 5 to 
lOppm, and by a further 50 percent when the flocculant dose rate was increased from 10 
to 15ppm. The dust concentration did not appear to have an effect on the floe particle 
size.
The density of the settled flocculated solids was measured during the trials. This involved 
flocculating raw sewage solids and calculating the density from the measured volume 
and mass of the floe. The density of flocculated sewage solids and 150ppm of dust was 
also measured. Results are given in Table 5.13.
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Table 5.13 Properties of flocculated sewage solids
Mass (a) Volume ('ml') Density Ca/mD
Sewage +Floc 0.3095 1.5 0.206
Sewage + 150ppm Dust 0.4702 1.2 0.36
+ Floe
Figures 5.17 to 5.19 show the settling rate as a function of iron dust addition for influents 1,2, 
and 3, respectively. Results are presented in tabular form in Appendix 5. Figures 5.17 to 
5.19 demonstrate the following points.
(a) The settling rates for a particular flocculant addition increase with increasing 
dust addition. It is also shown from these figures that the rate of increase of 
settling rate as a function of dust addition appears to be linear.
(b) Increasing the flocculant addition has the effect of increasing the settling rate 
for a particular dust addition.
(c) Increasing the flocculant addition increases the rate at which settling rate 
increases as a function of dust addition. This is shown by the slopes of data 































Figure 5.19 Influent 3: Settling rate vs. dust addition.
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5.2.3 PILOT SCALE TRIALING
The objectives of pilot scale trialing were:
(a) To design and construct a process that could be scaled up so that it may be 
applied to a full scale treatment works.
(b) To trial on a continuous basis.
(c) To observe the effect of 'change of influent' with time on the operation of the 
process.
(d) To monitor various properties of the influent.
Two pilot scale processes were trialed. The first plant was set up at PK STP and the 
second at Malabar STP.
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5.2.3.1 PORT KEMBLA STP PILOT PLANT
The Port Kembla pilot plant was designed so that it operated at approximately 1/300th 
scale of the full scale plant. The plant was capable of continuous treatment of 
approximately 40 litres per minute. Features of the design and construction of the plant 
are discussed below. A schematic illustration of the process is shown in Figure 5.20.
The plant was located next to the aeration chamber at the treatment plant. The pilot 
process involved initially pumping, via an air operated diaphragm pump, screened and 
partially degritted sewage from the aeration chamber to a 200 litre tank at a height of 
approximately 2 m. It was necessary to pump the sewage influent to the tank for two 
reasons. The first reason was that the air operated diaphragm pump delivered the 
sewage with a pulsing action. For this treatment process a constant flow of sewage into 
the subsequent treatment system was desirable. The tank had a constant head and 
therefore maintained a constant flow rate . The second reason for the tank was that it 
was observed that the pump introduced air into the sewage during pumping. Pumping 
the sewage to a header tank in the manner described above allowed the air to diffuse 
out of the sewage. This was necessary as air bubbles became attached to flocculated 
solids and caused the floe particles to float or settle very slowly.
After a residence time of about 3.5 minutes in the header tank, the sewage flowed under 
gravity from the header tank through a 25mm diameter hose to a point at which iron/lime 
dusts were dosed in a slurry form (approximately 4 percent solids), at a rate such that the 
influent contained 300ppm of dusts. The dust slurry feed was pumped from a 150 litre 
drum to the dosing point with a ceramic piston pump. The 150 litre drum was continuously 
mixed with a variable speed mixer so that solids in the slurry would not settle. After the 
dosing point, the sewage continued to travel along the 25mm diameter hose for 
approximately 1.5 metres so that the dust would be intimately mixed into the sewage.
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Raw Sewage from 
Aeration Tank
Mixing 








Figure 5.20. Diagram showing material flow in PKSTP Pilot 
Plant.
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After the dusts were properly mixed, (this was visually confirmed), the flocculant was 
dosed into the mixture of sewage and dusts at another dosing point on the hose. The 
flocculant was dosed using a 'helical rotary screw' pump so that it would be fed with a 
continuous flow. The flocculant was mixed into the dust and sewage mixture via a series 
of 25mm steel elbows placed in line immediately after the dosing point.
After mixing, the flocculated sewage and dusts travelled through a 2m length of hose to 
the sedimentation tank. The sedimentation tank was a modified 7m3 waste container 
with a sedimentation capacity of approximately 5m3. The tank had dimensions of lm  x 
1.5m x 3.3m. Soon after the sewage entered the sedimentation tank, it struck a 0.7m high 
baffle that the sewage was forced to pass below (as shown in Figure 5.20). This had the 
effect of separating the settling influent from the turbulence created by the flocculated 
sewage and dusts flowing into the tank. This also meant that the sludge resulting from this 
process must pass under the baffle before it entered the settling zone of the tank.
The flow rate of the sewage into the sedimentation tank was 40 litres/min. The residence 
time in the tank was therefore approximately 125 minutes. The fully treated and settled 
sewage was then returned to the treatment works.
A number of trials were carried out with this pilot scale setup. Initial trialing was 
undertaken so as to commission the plant. This included trials to calibrate sewage flow 
rate, pump flow rates, and mixing conditions.
The plant operated successfully on the whole. The main problems were the effect of air 
bubbles in the influent causing floe particles to float; consistent and reliable operation of 
pumping equipment: and, adequate mixing of flocculant into sewage and steelworks
dusts.
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The effect of the air bubbles, as briefly described at the beginning of this section, was to 
become attached to floe particles and thereby cause them to float or remain in 
suspension. This lead to an increase in the amount of suspended solids remaining in the 
treated effluent. The problem was eliminated with the addition of the header tank to the 
system.
Problems were also encountered with the operation of the flocculant and iron dusts 
pumps. Initially, the flocculant pump was an air operated diaphragm pump. It delivered 
flocculant in a pulse action. The result of this action was to flocculate sewage 
periodically, thereby treating only parts of the sewage. This process required sewage to 
be continously flocculated at a constant rate. The problem was overcome with the 
replacement of the air diaphram pump with a variable speed helical rotary screw 
pump. This pump was capable of delivering flocculant continuously with a high degree 
of accuracy. The metering pump used for the dosing of steelworks dusts operated 
successfully most of the time. However, occassionally steelworks dusts became 
blocked on the inlet side of the pump. This problem was eliminated somewhat with the 
addition of a fine strainer to the inlet of the hose leading from the drum containing the 
dusts to the pump.
The mixing of flocculant into the mixture of sewage and steelworks dusts was initially 
performed by the turbulence created in the 25mm diameter hose leading from the 
flocculant dosing point to the sedimentation tank. The turbulence created, however, 
was not sufficient to cause the desired mixing. It was visually observed that the 
flocculant was not properly mixed into the iron dust/ sewage mixture. This problem was 
overcome with the addition of a series of steel elbows immediately after the flocculant 
dosing point. This had the effect of creating sufficient turbulence to cause the desired 
mixing. This system of mixing was, however, not totally successful because when it was 
operated continously, the elbows became blocked with flocculated solids, thereby
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lowering flow rate and adversely affecting mixing. To overcome this problem, it was 
necessary to stop the plant periodically and flush the elbows with fresh water.
The major trialing of this plant was carried out over a 24 hour period from 2.00pm 
onwards. During this trial, parameters including temperature and pH of influent into PK 
STP were continously monitored . Influent , flocculated influent at the start of the 
sedimentation tank, and effluent from the sedimentation tank were sampled at half 
hourly intervals. Samples were analysed for suspended solids and BOD. During trialing 
the flow rate of the pilot plant was set at 40 litres/min, dusts at 150ppm filter cake and 
150ppm lime waste, and flocculant at lOppm.
Results are shown in Figures 5.21 and 5.22, and in Tables 5.14 and 5.15.
The plant operated successfully during trialing with the exception of a period from 
5.15am to 8.15am when a power failure occurred at the treatment plant. It was also 
necessary to occasionally flush the mixing elbows.
Results shown in Table 5.14 indicate that influent into PK STP had a pH of near neutral. 
Table 5.14 also shows that the temperature of influent remained approximately 
constant. It is unlikely that small variations of temperature would adversely affect the 
flocculant efficiency.
The suspended solids level of the influent ranged from 116ppm to 272ppm. The average 
suspended solids was 165ppm. The flocculated sewage/dusts at the beginning of the 
sedimentation tank had a suspended solids content ranging from 4ppm to 120ppm. The 
average suspended solids was 46ppm. This represents a 72 percent reduction in 
suspended solids. The effluent from the sedimentation tank had a suspended solids 
level ranging from 12ppm to 32ppm. The average suspended solids was 23ppm. This 
represents a 86 percent reduction in suspended solids.
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The BOD of the influent ranged from 180ppm to 560ppm. The average BOD was 324ppm. 
The BOD of the treated effluent ranged from 75ppm to 275ppm. The average BOD of the 





























Table 5.14 PK STP pilot scale trial results showing Temperature 
and pH
































Tab le 5.15 PK STP pilot scale suspended solids and BOD results (ppm)














8.00 24 370 125
8.30 180 44 28
9.00 330 275 90
9.30 144 16 24
10.00 280 90
10.30 116 4 28
11.00 230 110 75
11.30 128 2) 12
12.00am 24 260 no
12.30 272 32 32
1.00 560 no 80
1.45 152 40 20
2.15 330 120 145
2.45 12 300 145
3.15 136 72 32









1.15 20 320 120 120
“ Start Settle' samples are samples that were taken just as the flocculated influent 
/iron dusts entered the settling tank.
"These figures relate to samples taken approximately 2 hours after the influent
entered the tank.
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5 .2 .3 .2  MALABAR STP PILOT PLANT
During the trialing of the PK STP pilot plant, it was requested by the Water Board that a 
pilot scale process be installed and trialed at Malabar STP. The plant that was 
developed and installed was based on the design of the Port Kembla pilot plant. It was, 
however, capable of treating up to 150 litres/min.
The process involved pumping sewage influent from the grit removal chamber to a 200 
litre header tank at a height of 2m with a variable speed helical rotary screw pump. The 
pump was capable of delivering influent to the header tank at a rate of up to 150 
litres/min. As in the Port Kembla plant, the header tank provided a means of allowing air 
bubbles in the sewage to diffuse out of the sewage. The dusts were added to the infuent 
in the header tank in a slurry form. They were mixed into the influent with a high speed 
impeller. The sewage/dust mixture flowed from the header tank through 80mm 
diameter plastic pipe. It was flocculated at two points. This method of flocculation was 
found to produce a higher quality effluent than dosing flocculant at one point. A crude 
in-line mixer was used to mix flocculant from the first dosing point into the sewage/dust 
mixture. The mixer consisted of a piece of coiled steel mesh. The partially flocculated 
solids then continued travelling along the pipe to the second dosing point. The 
flocculant was mixed into the partially flocculated solids with a series of elbows in the 
pipe. The completely flocculated solids then travelled to the sedimentation tank. The 
flow rate into the tank was controlled with a valve at the inlet to the sedimentation tank. 
The level of influent in the header tank was maintained at a level just below the top so as 
to allow a maximum residence time in the tank so that air could dissolve out. The 
sedimentation tank had a capacity of 2000 litres.
During trialing of this plant, a flow rate of 150 litres/min was used. The residence time in the 
sedimentation tank was therefore 13 minutes. The dust addition consisted of 150ppm of
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filter cake and 150 ppm of lime waste. A flocculant dose rate of 12.5ppm was used. Trials 
were carried out over nine days.
The major problems encountered during trialing were similar to those encountered at PK 
STP. Air in the influent caused floe particles to float. To eliminate this effect it was 
necessary to maximize the level of influent in the header tank. The mixing of flocculant 
into the sewage/dust in this process was not as effective as that which could be 
achieved in laboratory scale trialing. The resulting effluent quality was therefore lower 
than that which could be achieved in laboratory scale trialing. Similar problems to those 
encountered previously with dust pumps were also encountered during the Malabar 
trial.
During trialing influent and effluent samples were analysed for suspended solids, oils and 
greases (O/G), chemical oxygen demand(COD), and heavy metals. The pH and 
alkalinity were also monitored during trialing. Temperature was not monitored as trialing 
carried out at PK STP had shown the temperature to remain approximately constant. 
Samples were taken at one hourly intervals over 8 hour periods. Consecutive samples 
were combined so that two morning samples and two afternoon samples were sent for 
analysis each day. Average results for the nine days are shown in Table 5.16. Daily results 
are shown in Tables 5.17 to 5.25. Average daily results are shown in Figures 5.23 to 5.25.
Results shown in Tables 5.17to 5.25 show that the pH of the treated effluent was generally 
slightly higher than that of the influent. The alkalinity of the influent and effluent remained 
approximately constant.
Results in Table 5.16 indicate that the percentage 'average' solids removal during the 
day ranged'between 77 percent in the morning and 72 percent in the afternoon. The 
average removal of suspended solids for the complete trial was 74 percent. As shown in
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Tables 5.17 to 5.25, the percent reduction of suspended solids ranged from 60 to 80 
percent.
The average reduction during the day of COD ranged between 47 and 55 percent. The 
average removal for the complete trial was 53 percent. The heavy metals aluminium, 
copper, chromium and nickel all underwent reductions as shown in Table 5.16. Zinc and 
iron concentrations, however, in the effluent increased by 13.7 and 32 percent, 
respectively.
Figures 5.23 to 5.25 show the variation of average daily suspended solids, COD, and oils 
and greases of the influent and effluent.
Tab le 5.16: Average Results for 9 Day Malabar Trial






Influent 10.00am 197 35.7 360
Effluent 50 8.9 188
%Redn 74.6 75 47
Influent 12.00pm 171 37.8 349
Effluent 38 7.5 168
%Redn 77 80 51.8
Influent 2.00pm 222 36.9 434
Effluent 61 9.2 194
%Redn 72.5 75 55
Influent 4.00pm 247 45.8 509
Effluent 74 9.3 236
%Redn 70 80 53.6
Av. Influent 209 39 413
Effluent 55 8.7 1%
%Redn 74 77 53
Heavy Metals(ppm)
Al Cu a N Zn Fe
Influent 1.02 0.291 0.070 0.059 0.21 3.53
Effluent 0.216 0.054 0.012 <0.03 0.239 4.68
%Redn 79% 81.5% 82.9% 49%+ + 13.7%. +32%
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TABLE 5.17 M alabar p ilo t scale trials -D a y  1






Influent 10.00AM 7.01 80 233 34.2 368.8
Effluent 7.24 80 68 17.9 240.4
% Redn 66.2 47.6 34.8
Influent 12.00PM 6.78 85 184 46.55 510.6
Effluent 6.8 70 46 11.7 285.1
% Redn 75.0 74.8 44.2
Influent 2.00PM 6.92 85 233 41.5 432.6
Effluent 6.76 75 45 11.6 212.8
% Redn 80.7 72.0 50.8
Influent 4.00PM 6.86 70 240 56.0 446.8
Effluent 6.97 80 67 11.1 224.1
% Redn 72.1 80.2 49.8
Av. Influent 240 44.6 439.7
Effluent 56.5 13.1 240.6
Av. % Redn 76.5 70.6 45.3
Heavy Metals (dally composite) mg/L
Cd Cu Fe Pb Ni Zn a  AI
Influent <0.01 0.6? 1.76 <0.01 0.06 0.31 0.24 0.89
Effluent <0.01 0.09 3.26 <0.01 <0.01 0.11 0.01 0.21
%Redn _ 87.0 83-6 64.5 95.8 76.4_____________
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TABLE 5.18 M alaba r p ilo t scale trials -D a y  2






Influent 10.00AM 6.18 75 233 39.6 573.0
Effluent 6.21 70 48 17.0 358.7
% Redn 79.4 57.1 37.4
Influent 12.00PM 6.33 80 208 41.4 296.1
Effluent 6.41 75 54 11.4 146.6
% Redn 74.0 72.5 50.5
Influent 2.00PM 6.82 75 187 31.6 437.7
Effluent 6.92 75 67 22.3 239.2
% Redn 64.2 19.4 45.3
Influent 4.00PM / / / / /
Effluent / / / / /
% Redn
Av Influent 209 37.4 435.6
Effluent 56.3 16.9 248.2
Av. % Redn 73.1 54.8 43.0
Heavy Metals (daily composite) mg/L
Cd Cu Fe Pb Ni Zn Cr Al
Influent <0.01 0.69 3.99 <0.01 0.08 0.31 0.03 1.02
Effluent <0.01 0.09 11.24 <0.01 0.05 0.11 0.01 0.37
%Redn J à 9_ +182 37.5 (A.5 66.6 -63.7
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TABLE 5.19 M alabar p ilo t scale trials -D ay  3






Influent 10.00AM 6.42 80 178 42.0 323.7
Effluent 6.32 75 46 13.5 155.4
% Redn 74.2 67.5 52.0
Influent 12.00PM 6.56 85 164 25.9 323.7
Effluent 6.85 75 43 17.0 166.9
% Redn 73.8 34.4 48.4
Influent 2.00PM 6.70 85 214 29.4 381.3
Effluent 6.71 85 59 0.5 162.6
% Redn 72.4 98.3 51.4
Influent 4.00PM 6.68 85 320 53.6 597.1
Effluent 6.75 70 72 7.3 248.9
% Redn 77.5 86.4 58.3
Av Influent 219 37.8 394.7
Effluent 55 9.6 183.5
Av. % Redn 74.9 74.6 53.5
Heavy Metals (daily composite) mg /L 
Cd Cu Fe Pb Ni Zn Cr Al
Influent - <0.01 0.27 2.45 <0.01 0.05 0.25 0.06 0.93
Effluent <0.01 0.08 2.64 <0.01 <0.01 0.11 0.02 0.18
%Redn 7Q4 +8 80 56.0 66.6 80.6
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TABLE 5.20 M alabar p ilo t sca le trials - Day 4






Influent 10.00AM 6.73 75 178 39.5 351.0
Effluent 6.98 ¿0 41 10.5 178.4
% Redn 77.0 73.4 49.2
Influent 12.00PM 6.82 80 129 20.7 321.8
Effluent 7.24 70 15 7.1 150.6
% Redn 88.4 65.7 53.2
Influent 2.00PM 6.80 80 194 31.2 394.9
Effluent 7.2 90 63 13.8 213.5
% Redn 67.5 55.8 45.9
Influent 4.00PM 6.89 80 244 45.4 526.5
Effluent 6.97 90 83 29.7 310.1
% Redn 66.0 34.6 41.1
Av Influent 186 34.2 398.6
Effluent 50.5 15.3 213.2
Av. % Redn 72.9 55.3 46.5
158
TABLE 5.21 M alabar p ilo t scale trials - Day 5






Influent 10.00AM 6.56 75 178 31.8 263.3
Effluent 6.52 70 25 2.1 111.2
% Redn 85.4 93.4 57.8
Influent 12.00PM 6.70 80 170 31.8 299.8
Effluent 6.33 75 24 2.1 117.0
% Redn 85.9 93.4 61.0
Influent 2.00PM 6.77 80 194 35.3 343.7
Effluent 6.84 80 66 2.5 125.8
% Redn 66 92.9 63.4
Influent 4.00PM 6.95 70 190 40.9 380.3
Effluent 7.28 65 50 8.6 150.6
% Redn 73.7 79.0 60.4
Av Influent 183 35.0 321.8
Effluent 41.5 3.8 126.2
Av. % Redn 77.3 89.1 60.8
H eavy M etals (d a ily  com posite) mg/L
Cd Cu Fe Pb Ni Zn a  a i
Influent <0.01 0.20 3.70 0.10 0.06 0.27 0.06 1.51
Effluent <0.01 0.02 2.36 0.09 0.05 0.61 0.01 0.15
%Redn______ ________ 9Q_-36,2 _ IQ _ 16. +126 83.3 90
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TABLE 5.22 M alabar p ilo t scale trials - Day 6






Influent 10.00AM 6.77 80 200 39.8 327.3
Effluent 6.90 70 49 6.0 187.8
% Redn 75.5 84.9 42.6
Influent 12.00PM 6.73 80 equipment failure
Effluent 6.99 75
% Redn
Influent 2.00PM 6.92 85 198 39.5 406.5
Effluent 7.15 90 59 4.5 177.7
% Redn 70.2 88.6 56.3
Influent 4.00PM 6.85 70 223 39.9 456.8
Effluent 7.14 70 85 8.0 219.4
% Redn 61.9 79.9 52.0
Av Influent 207 39.7 396.9
Effluent 64.3 6.2 195.0
Av. % Redn 68.9 84.4 50.9
H eavy M etals (d a ily  com posite) mg/L
C d Cu Fe Pb Ni Zn a Al
Influent <0.01 0.20 1.87 <0.01 0.06 0.17 0.04 0.92
Effluent <0.01 005 3.98 <0.01 0.05 0.15 0.02 0.44
%Redn________________ 70 -H13 16.9 11.8 -5Q 52.2
lóO
TABLE 5.23 M a labar p ilo t scale trials - Day 7






Influent 10.00AM 6.61 85 261 36.2 426.9
Effluent 7.11 75 70 0 190.0
% Redn 73.2 100 55.5
Influent 12.00PM 6.97 75 194 34.4 396.2
Effluent 7.38 70 31 2.4 202.3
% Redn 84.0 93.0 48.9
Influent 2.00PM 6.65 80 219 34.8 457.7
Effluent 7.01 90 71 7.3 232.3
% Redn 67.6 79.0 49.2
Influent 4.00PM 6.56 100 258 40.4 542.3
Effluent 6.95 80 73 6.2 264.6
% Redn 71.7 84.6 51.2
Av Influent 233 36.5 455.8
Effluent 61.2 4.0 222.3
Av. % Redn 73.7 89.0 51.2
Heavy Metals (daily composite) mg/L
Cd Cu Fe Pb Ni Zn O AI
Influent <0.01 0.22 4.28 <0.01 0.07 0.15 0.05 1.06
Effluent <0.01 0.06 3.21 <0.01 0.05 0.23 0.01 0.16
%Redn_____ 727 25 25.6 +53.3 80 84.9
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TABLE 5.24 M alabar p ilo t scale trials -D ay  8






Influent 10.00AM 6.6 80 189 27.9 254.6
Effluent 6.87 90 50 4.2 94.6
% Redn 73.5 84.9 62.8
Influent 12.00PM 6.78 60 170 30.0 290.9
Effluent 6.95 85 51 2.7 106.2
% Redn 70.0 91.0 63.5
Influent 2.00PM 6.82 90 301 39.9 447.3
Effluent 6.99 85 67 5.5 152.7
% Redn 77.7 86.2 65.9
Influent 4.00PM 6.77 100 233 39.0 554.5
Effluent 6.91 100 91 9.6 211.6
% Redn 60.9 75.4 61.8
Av Influent 223 34.2 386.8
Effluent 65 5.5 141.3
Av. % Redn 70.9 83.9 63.5
Heavy Metals (daily composite) mg/L
Cd Cu Fe Pb Ni Zn a Al
Influent 0.01 0.23 4.52 <0.01 0.09 0.13 0.04 0.80
Effluent <0.01 0.05 3.78 <0.01 0.05 0.04 0.01 0.12
%Redn 78.3 Ì6.4 44 A 67.2 75 85
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TABLE 5.25 M alabar p ilo t scale trials - Day 9






Influent 10.00AM 6.87 75 155 30.4 357.3
Effluent 7.03 75 52 9.1 185.5
% Redn 66.5 70.1 48.1
Influent 12.00PM 6.84 75 154 32.2 360
Effluent 7.12 75 40 5.3 174.6
% Redn 74.0 83.5 51.5
Influent 2.00PM 6.96 80 240 48.6 505.5
Effluent 7.22 80 52 11.4 235.6
% Redn 78.3 76.5 53.4
Influent 4.00PM 6.74 90 270 51.1 574
Effluent 6.96 80 76 15.5 288.0
% Redn 71.9 69.1 49.8
Av Influent 205 40.6 449.2
Effluent 55 10.3 220.9
Av. % Redn 73.2 74.6 50.8
H eavy  M etals (d a ily  com posite) mg/L
Cd Cu Fe Pb Ni Zn a  Al
Influent 0.01 0.29 5.65 <0.01 0.05 0.21 0.04 1.10
Effluent <0.01 0.01 7.01 <0.01 <0.01 0.53 <0.01 0.10




















Figure 5.25 Oils and grease levels during M alabar pilot scale trial.
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5.3 DISCUSSION
5.3.1 REMOVAL OF SUSPENDED SOLIDS
Results obtained from both laboratory scale and pilot scale trials indicated that the level 
of suspended solids in influent may be significantly reduced In a very short period of time 
using the iron dust assisted sedimentation process. The level of reduction appears to be 
dependent on factors such as the flocculant dose, residence time in the settling vessel, 
and physical and chemical properties of the sewage such as suspended solids and 
COD.
Laboratory scale trial results indicated that the reduction of suspended solids is very 
sensitive to the flocculant addition. It was shown during laboratory scale trialing that 
increasing flocculant additions increased the percentage reduction. For example, as 
shown in Figure 5.1, a 3ppm flocculant addition gave on average a 49 percent reduction 
of suspended solids and a 15ppm flocculant addition gave on average a 85 percent 
reduction of suspended solids. Results also indicated that a flocculant addition of at 
least lOppm was generally required to yield a 75 percent reduction of suspended solids. 
This level of reduction generally produced an effluent with a suspended solids 
concentration less than 50ppm.
The level of suspended solids in the various influents trialed during laboratory scale 
trialing (section 5.2.2.2) did not appear to significantly affect the percentage reduction of 
suspended solids as shown in data presented in Appendix 2. This was particularly 
evident at higher flocculant dose rates where the standard deviations of percent 
reduction of suspended solids data ranged from approximately 1 to 4 at flocculant dose 
rates of 10 and 15ppm.
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Laboratory scale trials described in sections 5.2.2.2 and 5.2.2.3 indicated that the addition 
of various amounts of iron dusts up to 300ppm did not significantly affect the level of 
suspended solids in the treated effluent at flocculant additions of at least lOppm. For 
example, as shown in Table 5.9, a flocculant addition of lOppm produced an effluent 
with suspended solids ranging from 36 to 38ppm. An explanation of this may be that it is 
relatively much easier to flocculate iron dusts than it is to flocculate sewage solids. At 
flocculant dose rates of lOppm and above there is sufficient flocculant so that the 
relative flocculant requirement of the dust is insignificant compared to that which has 
been added to cause flocculation of the iron dust/ sewage mixture. At flocculant dose 
rates below lOppm the addition of iron dusts was observed to cause an increase in the 
suspended solids of the treated effluent. For example, as shown in Figure 5.2 and Table
5.4, dust additions of 0 to 300ppm increased the suspended solids concentration in the 
treated effluent by 5-10 percent at a flocculant addition of 5ppm. This may be a result of 
the fact that at low flocculant additions the flocculant requirement of the iron dust 
compared to that which is available for flocculation is significant.
Figure 5.3 indicated that the addition of lime caused an increase in suspended solids of 
the treated effluent at all flocculant dose rates. It is believed, however, that higher 
suspended solids concentrations result from lime being dissolved in the effluent and 
subsequently being registered during suspended solids analysis. It may therefore be 
considered that it is not a true indication of the suspended solids in the treated effluent.
During laboratory trials settling times of 20 minutes were used. This gave sufficient time for 
all flocculated solids to settle. It could therefore be assumed that solids remaining in the 
supernatant liquid were not flocculated particles.
During pilot scale trialing average reductions of suspended solids of 86 and 74 percent 
were obtained from Port Kembla and Malabar pilot plants, respectively. Port Kembla 
plant operated at a flocculant dose rate of lOppm and Malabar plant at a flocculant
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dose rate of 12.5ppm. The difference in the percentage removal may be attributed to 
two major factors. The most obvious factor was that the Port Kembla plant had a 
settlement time of at least 2 hours and the Malabar plant had a settling time of 13 
minutes. In the case of the Malabar plant, the settlement time was sufficient so that 
flocculated particles could be settled. The suspended solids remaining in the treated 
effluent were therefore not flocculated. In the case of the Port Kembla plant, flocculated 
particles were rapidly settled. This was demonstrated by samples taken toward the 
beginning of the sedimentation tank. They had an average reduction of suspended 
solids of 72 percent. At this stage of sedimentation most of the flocculated particles 
would have settled. Therefore most of the suspended solids remaining in suspension 
would not have been flocculated. The remaining solids would have been very fine and 
under normal settling conditions would not be expected to settle. However, the effluent 
from the sedimentation tank had a suspended solids reduction of 86 percent. This 
indicates that during the 2 hour residence time in the sedimentation tank, particles that 
had not been flocculated had also settled. This may suggest that particles remaining in 
suspension after a few minutes may have been 'destabilised' sufficiently, although not 
flocculated, so that some may settle after an increased period of time.
The second major reason for the smaller percentage reduction obtained at Malabar 
was that the physical and chemical properties of the influent changed with time during 
the day. This was demonstrated in Table 5.16 where the average morning suspended 
solids concentration of 187ppm increased to 235ppm during the afternoon. Likewise, the 
morning COD of 354mg/litre was increased to 434mg/litre during the afternoon. Whilst this 
was taking place the average percentage reduction of suspended solids decreased 
from 75.8 percent to 71.7 percent. The properties of the influent also varied from day to 
day. The variation of the average daily suspended solids level in the influent and treated 
effluent is shown in Figure 5.23. The effect was to vary the percentage reduction from 60.9 
to 88 percent. The effect of the variability of the influent will be discussed further in section
5.3.4.
The suspended solids reduction therefore appears to be primarily dependent on the 
flocculant dose. Reductions of suspended solids up to 95 percent may be obtained 
rapidly with a sufficient flocculant dose. Smaller reductions may be obtained with lower 
flocculant additions. 'Time of settling' also affects the reduction of solids, however, the 
flocculant dose appears to be more critical. The variation of influent also appears to 
affect effluent quality and this must be quantified in further work.The addition of dusts to 
the influent does not appear to significantly affect the level of reduction. The actual 
flocculant dose requirement will be dependent on the guidelines for effluent quality to 
be announced by the Water Board and the costs involved.
5.3.2 REMOVAL OF BOD, C O D , OILS AND GREASES, AND HEAVY METALS
Laboratory scale trials indicated that flocculation by itself was capable of removing 
between 40 and 50 percent of the total BOD at high flocculant dose rates. High 
reductions were associated with reductions in suspended solids of at least 85 percent. 
Results further showed that the percent reduction of BOD decreased with increasing 
suspended solids remaining in the treated effluent. It may be assumed that the BOD 
reduction is a direct result of the removal of the BOD associated with the suspended 
solids that have been removed during treatment. This appears to confirm results from 
literature described in sections 2.2.2 and 2.2.5.1. As described in sections 2.2.2 and 2.2.5.1 
the remaining BOD content of the sewage is associated with the dissolved organics in 
the sewage and therefore cannot be removed by chemical flocculation.
Laboratory scale trials also indicated that the addition of iron dust to sewage influent 
causes the BOD of the treated effluent to be lower than that which would normally be 
obtained by flocculation alone. For example, as shown in Tables 5.4 to 5.9 the addition of 
100 to 300ppm of iron dust decreased the BOD by 10 to 20 percent more than the 
reduction caused by flocculation alone. This may mean that the addition of iron dust is in
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some way affecting the dissolved component of the BOD. The mechanism by which this 
may occur is not known.
The addition of lime to the influent was found to reduce the BOD level to below that of the 
BOD of the effluent treated with iron dusts and flocculant. As shown in Tables 5.4 to 5.8 
and 5.10, the flocculation of sewage mixed with lOOppm of lime and 150ppm of iron dust 
reduced the BOD by approximately 85 percent. During laboratory scale trials BOD levels 
consistently below 40ppm were obtained. As described in section 5.2.1.4, Port Kembla 
pilot scale trials were carried out with dust additions consisting of 150ppm iron dust and 
150ppm lime dust. Analysis of treated effluent demonstrated that the BOD had on 
average been reduced by 70 percent. The size of reductions of BOD obtained in 
laboratory scale and pilot scale operations using lime additions may suggest that the 
dissolved BOD of the system is being reduced together with the BOD associated with 
suspended solids. Once again the exact mechanism by which lime leads to such high 
reductions is not known. Investigation of the mechanism by which BOD reduction occurs 
is beyond the scope of this thesis.
As demonstrated in laboratory trialing (section 5.2.2.4), heavy metal contaminants were 
affected by the treatment process. Laboratory scale results indicated that all heavy 
metals with the exception of mercury were reduced during processing. As shown in 
Table 5.11, this was the case for all the types of dusts. It was found that zinc levels in the 
effluent treated with filter cake were approximately 80 percent lower than those of the 
influent. Samples treated with blast furnace dusts had zinc levels approximately 95 
percent below that of the influent. This greater reduction may be attributed to the lower 
percentage of zinc contained in the blast furnace dusts compared to the filter cake. Iron 
levels in the effluent were approximately 80 percent lower than those in the influent. 
Significant reductions of metals may have been expected as it is generally considered 
that most of the heavy metals in sewage are associated with suspended solids in the 
sewage(20).
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Heavy metals analysis was carried out during Malabar pilot plant trials (shown in Tables 
5.16 to 25). Results showed that the heavy metals, aluminium, nickel, copper and 
chromium in the treated effluent were all significantly reduced during the treatment 
process. Average iron and zinc concentrations in the treated effluent were, however, 
greater than in the influent. The average increases were 13 and 32 percent for zinc and 
iron, respectively. The reason for the increase is not clear. For example, the increase in 
Fe was observed for 5 days and the increase in Zn for 3 days. For two of the three days in 
which Zn increases were observed Fe increases were not observed. There also does 
not appear to  be an obvious relationship between the observed heavy metal 
concentration increases and increases in suspended solids or COD concentrations of 
the treated effluent. At this stage it is clear that further work is required to establish the 
cause of the differences between heavy metal concentrations in effluent treated on a 
laboratory scale and effluent treated on a pilot scale.
As shown in Table 5.16, average reductions of oils and greases and COD during Malabar 
trials were 77 and 53 percent, respectively. It is thought that the oils and greases level is 
reduced during the flocculation process. The reduction of COD would be partly due to 
the reduction of suspended solids. Further interpretation of the mechanisms by which 
oils and greases and COD are reduced is beyond the scope of this thesis. It should also 
be noted that the percent reduction of oils and greases and COD varied throughout the 
Malabar trials. This will be discussed further in section 5.3.4.
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5 .2 .2 .3  SETTLING RATE OF FLOCCULATED PARTICLES
The average settling rates of flocculated sewage solids/iron dusts obtained from the 
three series of trials described in section 5.2.2.5 are shown in Figure 5.26. Figure 5.26 shows 
that the settling rate ranged from 109 to 296mm/min at a flocculant dose rate of 5ppm, 
from 151 to 362mm/min at a flocculant dose rate of lOppm, and from 232 to 560mm/min 
at a flocculant dose rate of 15ppm. As stated in the Introduction a settling rate of at least 
150mm/min is required for PK STP. This settling rate would allow solids to settle under 
conditions of several times the normal flow rate, such as those encountered during 
periods of heavy rain. As shown in Figure 5.26 all but three dust/flocculant combinations 
resulted in settling rates higher than 150mm/min. As shown during laboratory scale 
trialing (section 5.2.2), at least lOppm of flocculant is required for the desired level of 
suspended solids to be obtained in the effluent. Therefore for PK STP, it would appear 
that any addition of dust in combination with 15ppm of flocculant, or at least 75ppm of 
dust in combination with lOppm of flocculant would produce the desired suspended 
solids and settling rate. For larger plants, such as those in the Sydney Metropolitan area, 







Figure 5.26 Average settling rate for influents 1,2 and 3 vs. dust addition for 
flocculant additions of 5,10 and 15ppm.
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The rate at which 'average' sized flocculated particles settle was demonstrated in 
Figures 5.8 to 5.16. These figures showed that the time required for settling decreased 
with increasing dust additions. These figures, together with standard deviations of the 
data shown in Appendix 5, also demonstrated that the flocculated particles settled at a 
constant velocity. Acceleration of settling velocity may not have occurred, as it was 
described in section 3.1.3, because cationic flocculant, as compared to coagulants 
and anionic flocculants, formed fully developed floe particles during the mixing period. 
As a result, the floe particles were observed to settle virtually independently of each 
other. It was therefore also observed that floe particle size remained constant during 
settling for a particular iron dust addition.
Figures 5.17 to 5.19 showed the settling rates of flocculated particles. As described in 
section 5.2.2.5 increasing the dust addition had the effect of increasing the settling rate.
Increasing the flocculant dose rate was shown in Figures 5.17 to 5.19 to have the effect of 
increasing the settling rate for a particular dust addition. It was also shown that the rate at 
which settling rate increased with increasing dust addition, i.e., the slope of data shown 
in Figures 5.17 to 5.19, increased with increasing flocculant addition.
During settling rate trials (section 5.2.2.5) it was visually observed that floe size increased 
with increasing flocculant addition. It has been established in literature(40) that an 
increase of floe size causes the settling rate to increase. Therefore, it seems reasonable 
that the increase in flocculant addition led to the increase in settling rate. It was further 
visually observed during trialing that the floe size did not appear to increase with 
increasing dust addition at a particular flocculant dose. As shown in Table 5.13, this was 
quantified during trials to determine floe density in which the addition of 150ppm of iron 
dust to raw sewage did not cause a noticeable increase to the volume of the 
flocculated solids. The fact that increasing the dust addition did not appear to affect the
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volume of the flocculated solids means that the density of the flocculated solids is 
directly related to the mass of the Iron dust plus the mass of the sewage solids.
The foregoing dicussion of the settling behaviour may be described by Stokes Law. It 
may be applied in the following way.
As shown in section 3.1.3, Stokes Law states;
Ut=gd2(Ss-l)/18ITl (3.1)
where Uf = settling velocity
g = gravitational force 
d = particle diameter 
Ss= specific gravity of particle 
m  = dynamic viscosity of fluid
It is known that g and ITl are constant. Experimentation also indicates that d remains 
constant for a particular flocculant addition. Therefore if k= gd2/18m,
Ut =k(Ss-l)  (5.1)
= kSs-k
= k (ms + m<j)/(vs + vd) - k
where ms = mass of sewage solids
md = mass of dusts 
vs = volume of sewage solids 
vd = volume of dust
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From experiment it was observed that the volume of flocculated solids remained 
approximately constant with increasing dust addition. Therefore vs = vs+vd so that,
Ut = k/vs (ms + md) - k 
= k md/vs + k ms/vs - k
let C= k/ vs,
Ut = Cmd - k (ms/vs -1) (5.2)
It can be seen from equation (5.2) that the settling rate increases linearly with increasing 
mass of dust. Equation (5.2) also states that the slope, C, of the settling rate vs. dust 
addition data for a paticular flocculant addition remains constant when the floe particle 
size remains constant. It also describes the effect of increasing the flocculant dose and 
thereby the floe particle size. For example, if the floe size is increased due to an 
increased flocculant dose, the values of 'd2' and 'vs' will be increased. This will 
therefore increase the value of 'C', or the rate at which settling rate increases. The value 
of Ut will also be increased. Equation (5.2) also states that the value of the settling rate at 
Oppm of dust, k(ms/vs -1), increases as d2 increases. Therefore when d is increased due 
to an increased flocculant addition the value of k(ms/vs -1) is increased.
5.3.4 VARIABILITY OF SEWAGE INFLUENT
As shown during both laboratory and pilot scale trialing (sections 5.2.2 and 5.2.3, 
respectively) the properties of the influent were observed to vary. This variation 
appeared to affect the quality of the treated effluent. This was particularly evident during 
Malabar pilot scale trialing. The average daily suspended solids, COD, and oils and 
greases of the influent and the effluent for the Malabar trials are shown in Figures 5.23,5.24 
and 5.25, respectively. These results are summarized in Table 5.26. Table 5.26 shows the 
ranges over which the properties of the influent and treated effluent varied.
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Table 5.26 Ranges over which the properties of influent and treated effluent varied 
during Malabar pilot scale trials
Influent Effluent
(PPm) (PPm)
Suspended Solids 129-320 15-91
Oil and Greases 20.7-56 0.5-29.7
COD 254-597 95-358
It can be seen from Figure 5.27 how the variability of the influent affected the average 
daily percentage reduction of suspended solids, oils and greases, and COD. Figure 5.27 
appears to show that the variation of the sewage affects the percentage reduction of 
the various properties in a similar way for 8 of the 9 days trialing.
The properties of the influent were also observed to vary during laboratory scale trialing 
as shown in section 5.2.2. The ranges over which the properties varied, however, were 
not as great as those observed during pilot scale trialing. For example, the suspended 
solids concentrations of the influents ranged from 164 to 221 ppm. The properties of the 
treated effluent did not vary as much as during pilot scale trailing as shown in Tables 5.4 
to 5.10. A possible explanation of this maybe that laboratory scale trials samples were 
sampled at approximately the same time each day.
The cause of the variability of the influent has yet to be properly quantified. The change 
of properties of influent with time is a result of the variation of additions made to the 
sewerage system at different times. The variation of properties appeared to affect the 
efficiency of the process. This may be due to a number of factors. One factor may be 
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Figure 5.27 Average percent daily reduction of suspended solids, COD and 
oils and greases during Malabar pilot scale trial.
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act to inhibit the flocculation. It is, however, clear that more work is required to quantify 
these effects.
5.3.5 PILOT SCALE PLANT OPERATION
The operation of the pilot plants at PK STP and Malabar STP successfully demonstrated 
how the treatment process may be operated on a continous scale. The trialing allowed 
parameters to be evaluated so that a full plant scale trial may be carried out in the future 
at PK STP. Three major aspects were identified as the limiting factors in the operational 
performance of the pilot scale plants. These were:
(a) Air bubbles becoming attached to floe particles
(b) Adequate mixing of flocculant into sewage/dusts
(c) Consistent and reliable operation of equipment
Air bubbles becoming attached to floe particles had the effect of causing floe particles 
to settle very slowly or float. This lead to an increased suspended solids in the treated 
effluent. The air bubbles were introduced into the sewage during pumping. The 
susceptibility of floe particles to air bubbles is a factor that should be considered when 
planning a full scale trial. Air bubbles must be eliminated from the influent prior to and 
during flocculation. This would necessarily require that the aeration step of conventional 
primary sewage treatment, (as discussed in section 2.2.2), be eliminated. The mixing of 
the flocculant into the sewage/iron dusts would have to be done in a way such that air 
bubbles would not be introduced to the sewage. Some treatment plants also pump 
sewage around the plant prior to settling. These pumps would be required to pump 
without introducing air to the sewage.
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It was demonstrated during trialing of both pilot plants that the mixing of flocculant into 
the mixture of sewage and iron dusts was critical in order to achieve the most efficient 
flocculation. This requires that mixing takes place at a rate that allows flocculant to be 
rapidly dispersed. It equally must not be too rapid so that developing floe particles are 
torn apart. Mixing in the PK STP pilot plant visually appeared to be efficient. Mixing at 
Malabar, however, was not as efficient as it may have been. This was demonstrated by 
the fact that laboratory scale trialing of the same influent that was going into the pilot 
plant yielded better results than those from the pilot scale plant. However, with the use of 
properly designed mechanical mixers it is felt that mixing problems would be 
eliminated.
During trialing, iron dust pumping equipment was not completely reliable. Equipment 
was prone to blockages and pump components to wear due to the abrasive nature of 
the iron dusts. In the design of a full scale process the abrasive properties of the dusts 
would have to be considered.
5 .3 .6  C O M PARISO N OF IRON DUST ASSISTED SETTLING PROCESS WITH OTHER 
ALTERNATIVE TREATMENT PROCESSES
The treatment process developed during this work is classified as an 'advanced 
primary treatment process'. When being compared to other alternative processes it 
should be compared with other advanced primary treatment processes. Other 
advanced primary treatment processes currently being evaluated by the Sydney 
Water Board include Chemically Assisted Sedimentation (CAS), Dissolved Air Flotation 
(DAF) and the CSIRO Magnetite Process (section 2.2.5).
The suspended solids removal from the various alternative advanced primary 
treatment processes is dependent on the chemical and flocculant additions made to
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the sewage. As shown in this work, percentage reductions of over 90 percent can be 
obtained with sufficient flocculant additions. CAS and DAF systems are able to remove 
90 percent of the solids with sufficient doses of coagulant and flocculant(16). The 
Magnetite process is also capable of removing over 90 percent of the suspended 
solids(16).
As discussed in section 5.3.2 the iron dust assisted sedimentation process decreased 
the BOD of treated influent by 70 - 90 percent. Literature indicates(16) that DAF and CAS 
systems only reduce the BOD associated with the solids in the sewage, and thereby only 
reduce the BOD by 30 - 50 percent. The Magnetite process reduces the BOD to levels 
obtained with the iron dust assisted sedimentation process. It is believed that this is a 
result of the large pH changes that the influent is subjected to during treatment.
The settling rate of sewage solids in the iron dust assisted sedimentation process was 
extremely rapid. Data is not readily available for alternative processes, however, it is 
believed that settling rates would be less than those in the iron dust process due to the 
relatively high density of floe particles formed in the iron dust process.
All sedimentation processes produce sludge. Alternative processes to the iron dust 
process produce 'chemical' sludges. These sludges are usually acidic or basic and are 
consequently difficult to handle. The chemicals in the sludge may also cause problems 
during digestion as they may adversely affect the anerobic bacteria. These sludges are 
also difficult to dewater because of the gelatinous nature of the coagulants that are 
used. After dewatering of the sludges they must be disposed of. Due to the chemical 
nature of the sludges, disposal is limited. The iron dust process does not face these 
problems. Firstly, only a flocculant is used. The flocculant used is pharmacologically 
inert, and virtually devoid of acute or chronic toxicity(42) and therefore the sludge does 
not present future handling difficulties. The sludge generated also does not require 
digestion because it will be disposed of in a smelting unit that operates at approximately
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1500°C. In fact, undigested sludge would be more appropriate in the smelting process 
as it has a higher organic content. It is also likely that the sludge generated from the iron 
dust process is easily dewatered in standard sludge dewatering systems.
The iron dust assisted sedimentation process therefore appears to offer a number of 
advantages over other advanced primary treatment processes. The capital and 
operating costs have yet to be properly quantified.
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5.4 CONCLUSIONS
The sedimentation process that has been developed appears to create a novel use for 
iron dusts that are currently disposed of by dumping and burying. The process also 
appears to offer a simple and inexpensive alternative advanced primary treatment 
system for the treatment of raw sewage.
The treated sewage effluent is of a quality comparable to that from other advanced 
primary treatment systems. It, however, appears to have advantages over alternative 
systems in areas such as BOD reduction, and settling rates. The major advantage, 
however, is that the resulting sludge may be disposed in a smelting process that is 
currently under development. The implementation of the iron dust assisted 
sedimentation process will be dependent on the successful development of the 
smelting process. Without a method of disposal for the sludge, the problem of disposal 
will only be increased.
The effluent from the process may have suspended solids levels reduced by more than 
90 percent and BOD levels by more than 70 percent. Laboratory scale trials indicated 
significant reduction of heavy metal levels. However, pilot plant trials showed some 
increase in iron and zinc levels. More work is required to resolve this.
Knowledge gained during the research and development that has been carried out has 
been applied in the design and construction of a fully automated pilot scale process 
that will be capable of treating up to 300 litres per minute of sewage influent. It is also 
being used in the planning of a full scale trial to be carried out at PK STP.
6.0 BATH SMELTING OF IRON DUST /  SEWAGE SLUDGE COMPOSITES
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6.0 BATH SMELTING OF IRON DUST /  SEWAGE SLUDGE COMPOSITES
6.1 BACKGROUND
The work presented in this section describes research that has been undertaken on 
smelting for the iron dust/sewage sludge disposal process. A number of MARC 
staff have been working on this part of the project - in particular Prof. H. K. Worner 
and Len Reilly. This brief section is included in this thesis because of its significance 
with respect to research that has been undertaken by the author on the iron dust 
assisted sedimentation.
As briefly described in section 5.1, the settled sewage solids/iron dust may be 
taken directly from the sedimentation tanks and dewatered using conventional 
belt press filters or decanter centrifuges. It is then mixed with additional iron dusts 
and formed into extrusions, briquettes or pellets. The composites are dried and 
then directly charged to the smelting furnace. The products from the furnace are 
molten iron, zinc oxide and slag, all of which may be sold. Waste gases may be 
used to dry the composites.
The smelter will operate at ironmaking temperatures. This will ensure that all toxins, 
PCB's, organo-chlorines, etc. will be destroyed. Volatile heavy metals contained 
within the sewage sludge will be fumed off and caught by fume extraction systems.
Work to date has only briefly addressed the agglomeration and forming of the 
composites, and dryng of composites. Smelting work has been carried out on a 
scale up to approximately 20kg.
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6.2 EXPERIMENTAL
6.2.1 DRYING AND FORMING OF IRON DUST/SEWAGE SOLIDS COMPOSITES
As mentioned in section 5.1, in the final process, iron dust/sewage sludge from the 
iron dust assisted sedimentation process will be dewatered and formed into 
composites.
During smelting trials carried out at this stage of process development, it was not 
practical to use iron dust/sewage solids from the sedimentation process. 
Composites were made from iron dusts and dewatered sewage sludge taken from 
conventional primary sedimentation tanks. The sewage sludge was mixed into the 
iron dusts and the mixture was subsequently extruded into cylinderically shaped 
composites.
The composites were dried in the sun and stored until required. In a fully developed 
process it is envisaged that off gases would dry the composites.
6.2.2 PRELIMINARY SMELTING TRIALS
Initial laboratory scale smelting trials were carried out at MARC’S Coniston 
Laboratory in 1300W microwave ovens. lOOg pellets of mixtures of steelworks dusts 
and sewage sludge were heated to temperatures greater than 1450°C in 9 minutes 
and produced small buttons of iron. Following this success, preliminary pilot scale 
operations were commenced.
The initial larger scale smelt runs were carried out in a LPG fired furnace. Oxygen 
was jetted into the molten bath so as to accelerate the smelting process. During 
the trials it was evident that the carbon in the sewage sludge had been completely
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burnt and the molten iron had then been oxidized to form slag.This appeared to 
demonstrate that the sewage sludge was a highly reactive form of carbon. It also 
appeared to show that oxygen lancing was not required.
6.2.3 SMELTING TRIALS IN A  30 kW INDUCTION FURNACE
Following on from preliminary trials carried out in the LPG furnace, it was decided to 
use an induction furnace to smelt the iron dusts/sewage solids composites. It was 
thought that an induction furnace would give a better control of the smelting 
process.
A 30kW induction furnace was hired and installed at the MARC's Coniston 
Laboratory.The furnace was capable of smelting up to approximately 10kg of 
composites per trial. The system was designed so that a silicon carbide crucible 
within the furnace would heat to temperatures above 1500°C. The heat would then 
be transferred from the crucible to the composites that were in the crucible, 
causing them to be smelted.
A very simple gas handling system was employed during this stage of research. It 
consisted of extracting the gases via a fume hood to a simple wet scrubber.
Preliminary commissioning trials were carried out so that operating parameters 
could be evaluated. Several quantitative trials were carried out. The trials involved 
varying the ratio of iron dusts and sewage sludge in the composites. Analyses of 
the composites, the pig iron and slags are shown in Table 6.1
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Table 6.1 Analyses of smelting trials carried out in 30kW induction furnace
FEED:
Composite Composition 
Trial Fe SÌO2 AI2Q3 CaO Mn 1MgO P K2O T1O2 Zn S LOI
1 30.3 7.8 2.6 7.1 0.47 3.0 0.61 0.19 0.31 0.91 0.63 30.3
2 22.7 6.1 2.0 10.6 0.35 2.4 0.48 0.14 0.23 0.69 0.46 47.2
3 23.9 6.5 2.2 6.4 0.37 28 0.48 0.14 0.26 0.74 0.54 43.0
4 40.7 4.5 1.5 7.5 0.51 3.4 0.24 0.052 0.18 1.05 0.38 20.7
5 30.8 4.8 1.5 7.8 0.46 3.5 0.21 0.043 0.17 0.92 0.41 33.8
6 31.8 7.4 2.2 7.4 0.45 4.2 0.27 0.097 0.19 0.91 0.49 28.2
PRODUCTS:
Cast Irons
Trial C P Mn Si* S Ni Cr Mo Cu Ti V Mg
1 2.7 1.05 0.32 0.88 0.34 0.035 0.10 0.008 0.20 0.010 0.0361 <0.01
2 2.9 1.44 0.75 1.70 0.16 0.02 0.09 0.008 0.14 0.028 0.062: <0.01
3 2.6 1.83 1.16 7.6 0.02 0.02 0.10 0.008 0.18 0.45 0.065 <0.01
4 3.66 1.86 1.21 3.65 0.025 0.02 0.10 0.008 0.16 0.29 0.068 <0.01
5 4.52 0.79 0.95 3.10 0.025 0.02 0.065 0.008 0.08 0.17 0.050 <0.01




FeO SÌO2 AI2Q3 CaO Mn MgO P K2O T1O2 NCJ2O S
1 8.3 38.9 6.9 27.0 1.8 12.9 0.51 0.18 1.0 1.9 1.1
2 4.3 40.4 8.5 29.9 1.2 12.9 0.13 0.10 0.84 1.5 1.5
3 3.0 34.4 9.7 33.1 0.43 14.1 034 0.11 0.54 2.0 2.3
4 1.9 32.5 8.1 36.0 0.55 14.2 0.072 0.017 0.61 - 0.97
5 5.9 31.4 8.3 36.0 1.5 14.2 0.272 0.05 0.78 1.04 1.056
* Variable Si due to attack of high calcium slags on SiC crucible.
"Slags were not as basic as was desirable due to the uptake of Si from the SiC 
crucible.
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Results shown in Table 6.1 clearly demonstrate that iron dusts/sewage sludge 
composites may be smelted together to produce cast iron and slag. Digested 
sludge was used as a reductant because it was most readily available and it was 
easier to handle. However, it is felt that undigested sludge would have been more 
appropriate due to its higher organic content.
Results show that the carbon concentration of the iron produced ranged from 2.7 to
4.5 percent. It was also shown that phosphorus concentrations ranged from 0.5 to 
1.83 percent. Irons with this chemistry would be suitable for foundries that produce 
iron grates, intricate patterned cast iron decorations, etc. Alternatively, the 
phosphorus could be removed from the iron with a modified slagging process so 
that the iron may be used in other applications.
The analyses also show the compositions of the slags produced. The particular 
commercial applications of these compositions have not yet been ascertained. 
However, it is likely that the slags produced could be used in road base or cement 
materials.
Due to the simplicity of the gas handling system employed, most of the zinc was 
not able to be collected.
The induction furnace used during this stage of research was useful for the 
demonstration of the concept of the project. Its use, however, was limited to small, 
short batch trials. This was due to the severe crucible erosion caused by the hot 
metal 'tumbling' during smelting.
MARC is currently investigating more appropriate larger scale smelting units for the 
next stage of research. A larger scale furnace will also allow various aspects of the
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smelting process to be quantified. The next stage of research will also include the 
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Zinc Removal from In-plant Dusts
Currently certain products of the dust catchers at the Blast Furnaces and 
Steelmaking Shop are dumped because of harmful Zinc content. The centrifuge cake 
which was used in the experiment is also high in moisture and dries out as a fine 
dust, both forms presenting handling difficulties. As received, the water content of 
the cake was approximately 50% with the remaining analyses given in Table I 
being on a dry basis.
TABLE I
FILTER CAKE ANALYSES (ON DRY BASIS) BEFORE AND AFTER MICROWAVE TREATMENTS
Sample total Fe Mn Zn Si02 AI203 CaO MgO K20 TI02 P Loss on
Ignition
1. Filter cake 47.3 .68 1.6 2.5 .76 11.6 6.0 .05 .23 .049 8.6
2. 4.5 min in M.W. 55.5 .80 1.6 2.9 .93 13.8 7.0 .04 .26 .059 -7.1
3. cake + 10% char 
3 min
43.9 .65 1.3 2.4 .74 11.0 5.6 .02 .22 .046 15.1
4. cake + 10% char 
5 min
50.1 .74 .41 2.6 .78 12.5 6.1 .02 .24 .057 4.5
5. cake + 10% char 
9 min
56.3 .82. .03 2.8 .82 12.0 6.0 .02 .27 .063 -3.7
6. cake + 10% kish 
5 min 100% power 
9 min 50% power
60.7 1.0 .75 3.2 1.1 12.9 6.4 .01 .33 .065 N.A.
7. cake + 50% kish 
5 min 100% power 
9 min 50% power
66.4 .67 .23 3.2 1.0 8.6 3.7 .01 .47 .065 N.A.
8.cake +15% rice 
husks
8 min 100% power
59.9 .86 .29 10.0 1.0 13.6 6.8 .01 .27 .076 N.A.
9. cake + 15% coke 
breeze
39.4 .58 1.0 3.9 1.6 9.9 4.9 .02 .24 .058 21.0
8 min 100% power
The first series of experiments was done on the plain filter cake in fireclay 
crucibles and again the effect of time under power was measured against weight 
loss and temperature. The cake gave off steam and fumes for approximately two 
minutes and then glowed red. However the transfer of power to the cake was not 
sufficient to drive off the Zinc even after prolonged treatment. The analysis 
(sample 2 in TableL) indicates that some reduction of Iron and Manganese oxides 
must have occurred because the sample picked up weight again on ignition in the 
chemical laboratory.
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A second series of experiments was done with the addition of 10 %  of 
microwave receptive fuel in the form of brown coal char to act as a reducing 
agent. In this case the temperature generated was increased and a plasma emission 
occurred. Success was achieved in removing the Zinc and the resultant product was 
found to be sintered and partly metallised. Analysis is shown in Table l , samples 
3, 4 and 5.
Three further series were done with other additional reducing fuels, the 
first using Kish graphite, the second rice husks and the third coke breeze. In the 
case of the Kish, Zinc was removed but not so completely as with brown coal char, 
(samples 6 and 7, Table II)The experiment with rice husks produced similar results 
to the brown coal char in lowering the Zinc content of the filter cake (sample 8) and 
it was also successful in reducing the iron content to a metallic button. Coke breeze 
produced a sintered product but did not remove a significant amount of Zinc from 
the filter cake.(sample 9)
As an indication of power requirement the successful run with 10 %  brown 
coal char addition required nine minutes at full power with a cake sample of 85g. 
This scales up to 2.6 x 9 x 1000000
60 85
= 4,700 kWh per tonne of cake
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APPENDIX 2
Flocculant Requirement - Percent reduction of suspended solids
Flocculant only
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Ave a
3 51 47 44 44 62 49.6 7.5
4 63 51 49 50 73 57.2 10.5
5 71 68 53 58 - 62.5 8.4
7 73 75 60 70 76 70.8 6.5
10 78 77 75 76 76 76.4 1.1
15 86 86 84 87 85 85.6 1.1
Flocculant + Dusts
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Ave a
3 47 45 43 43 68 49.2 10.6
4 57 51 48 50 68 54.8 8.1
5 6? 68 53 57 74 64.2 8.8
7 74 75 61 66 74 70 6.2
10 80 77 74 75 79 77 2.5
15 83 85 82 83 81 82.8 1.5
Flocculant + Dust + Lime
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Ave a
3 44 42 40 42 64 46.4 9.9
4 60 51 43 46 66 53.2 9.6
5 68 68 51 57 - 61 8.4
7 71 75 58 66 72 68.4 6.6
10 78 77 72 71 78 75.2 3.4
15 84 85 80 78 87 82.8 3.7
1%
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0 88 190 <58 184 40 170
150 91 192 <55 180 41 162
225 94 180 6? 169 43 161





















0 90 194 63 176 42 166
100 89 63 67 44 44 33
200 95 59 6? 42 45 31
300 98 59 70 40 47 30
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Analysis of H eavy  M etals
Conditions:
- 150ppm of Filter cake + 150ppm Lime
- lOppm Cationic Flocculant
- 20 minutes settling time
APPENDIX 4





Cu 026 0.03 88
Fe 1.18 0.2 83
Zn 1.53 0.14 91
Cd 0.13 0.06 54
Pb 0.4 0.4 0
Ni 0.18 0.10 44
a 0.14 0.12 5
Mg <1 <1 -
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APPENDIX 5 SETTLING RATES OF FLOCCULATED PARTICLES
Note: Depth shown in 'em' and 'time shown in 'sec'.
INFLUENT 1
Flocculant Addition 5ppm
O ppm  1Dust Addition
Depth Time 1 Time 2 Time 3
3.75 30 30 32
7.5 60 58 58
11.25 85 85 81
15 101 110 103
Av Settling Rate - 85mm/min
75ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 25 20 22
7.5 45 35 40
11.25 60 47 60
15 80 60 75
Av..Settling Rate - 131mm/min
150ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 15 12 14
7.5 28 22 25
11.25 38 33 37
15 47 44 50
Av Settling Rate - 187.5mm/min
Time 4 Time 5 Ave a
32 30 30.8 1.1
55 57 57.6 1.8
80 82 82 2.3
105 106 106 3.4
Time 4 Time 5 Ave a
20 22 21.8 2.1
33 35 37.6 4.9
50 50 53.4 6.2
65 63 68.6 8.5
Time 4 Time 5 Ave a
14 15 11.8 1.2
24 29 25.6 2.9
35 40 36.6 2.7
47 52 48 3.1
225ppmDust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 10 10 10 10 11 10 0.5
7.5 20 18 20 21 20 20 1.1
11.25 28 25 30 30 30 28.8 1.8
15 35 33 40 39 40 37.5 3.2
Av Settling Rate - 242mm/min
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 8 9 9 8 9 9 0.6
7.5 15 19 17 16 17 16.8 1.5
11.25 22 25 24 23 24 23.6 1.1
15 29 33 32 31 33 31.6 1.7
Av Settling Rate - 280mm/min
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APPENDIX 5 (CO NI)
INFLUENT 1
Flocculenti Addition 1 Oppm
O ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave ct
3.75 15 16 20 20 20 18.2 2.5
7.5 40 45 43 41 38 42 2.7
11.25 68 65 65 55 54 59.5 6.4
15 90 90 88 70 77 81.5 9.0
Av Settling Rate - 110mm/min
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 12 13 13 13 15 13.2 1.1
7.5 26 29 25 26 24 26 1.9
11.25 41 45 40 45 48 43.8 3.3
15 57 53 51 60 56 55.4 3.5
Av. .Settling Rate - 162.5mm/min
150ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave CT
3.75 8 10 10 9 9 9 0.8
7.5 19 21 20 18 18 19.2 1.3
11.25 30 30 27 25 26 27.6 2.3
15 35 35 32 
Av Settling Rate - 268mm/min
33 33 33.6 1.3
225ppmDust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave CT
3.75 7 6 7 7 6 6.6 0.6
7.5 16 14 15 14 13 14.4 1.1
11.25 22 21 23 24 22 22.4 1.1
15 25 25 30 
Av Settling Rate - 329mm/min
30 27 27.4 2.5
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave CT
3.75 6 6 6 5 5 5.6 0.6
7.5 16 14 13 11 11 13 2.1
11.25 20 20 21 18 16 19 2.0
15 27 27 26 25 24 25.8 1.3
Av Settling Rate - 349mm/min
APPENDIX 5 (CO NI)
INFLUENT 1
Flocculant Addition 15ppm
O p p m  1Dust Addition
Depth Time 1 Time 2 Time 3
3.75 9 9 9
7.5 18 18 18
11.25 25 25 25
15 34 35 34
Av Settling Rate - 266mm/min
Time 4 Time 5 Ave (7
7 7 8.4 1.1
15 15 17.2 1.6
24 24 24.6 0.8
34 34 33.8 0.4
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 5 6 6
7.5 15 12 10
11.25 25 16 15
15 34 22 2D
Av..Settling Rate - 430mm/min
150ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 5 4 5
7.5 9 9 10
11.25 12 13 15
15 15 18 2D
Av Settling Rate - 483mm/min
225ppmDust Addition
Depth Time 1 Time 2 Time 3
3.75 5 4 4
7.5 10 7 8
11.25 15 11 11
15 18 13 15
Av Settling Rate - 608mm/min
Time 4 Time 5 Ave a
5 57 5.8 0.6
10 11 11.6 2.0
15 17 16.4 6.4
22 22 21.8 5.7
Time 4 Time 5 Ave a
5 6 4.8 0.7
11 11 10 1.0
16 16 14.4 1.8
2D 2D 18.6 2.2
Time 4 Time 5 Ave a
4 4 4.2 0.5
7 9 8.2 1.4
10 13 12 2.0
13 15 14.8 2.0
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 3 3 4
7.5 7 6 7
11.25 10 9 11
15 12 11 14
Av Settling Rate - 726mm/min
Time 4 Time 5 Ave a
4 3 3.4 0.6
6 6 6.4 0.6
10 9 9.8 0.8




Flocculant Addition 5ppm  
O p p m  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 16 21 22
7.5 30 42 48
11.25 56 70 76
15 75 95 101
Av Settling Rate - 97mm/min 
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 15 19 15
7.5 36 40 30
11.25 50 56 45
15 64 70 Ó0
Av..Settling Rate - 137mm/min
150ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 12 10 11
7.5 21 19 20
11.25 30 28 29
15 43 40 42
Av Settling Rate - 215mm/min
225ppmDust Addition
Depth Time 1 Time 2 Time 3
3.75 9 8 8
7.5 15 15 16
11.25 21 25 25
15 36 38 37
Av Settling Rate - 245mm/min
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 7 8 8
7.5 16 16 16
11.25 23 23 24
15 30 32 32
Av Settling Rate - 284mm/min
Time 4 Time 5 Ave a
21 22 20.4 2.5
42 44 41.2 6.7
65 68 67 7.3
94 98 92.6 10
Time 4 Time 5 Ave a
16 17 16.4 4.4
38 36 36 3.7
54 49 50.8 4.3
70 64 65.8 4.3
Time 4 Time 5 Ave <j
10 10 10.6 0.9
19 18 19.6 1.1
28 29 28.8 8.8
41 43 41.8 1.3
Time 4 Time 5 Ave a
7 9 8.2 0.8
15 17 15.6 0.9
25 28 25 2.6
34 39 36.8 1.9
Time 4 Time 5 Ave a
7 8 7.6 0.6
14 14 15.2 1.1
24 22 23.2 0.8





O p p m  1Dust Addition
Depth Time 1 Time 2 Time 3
3.75 15 16 14
7.5 30 30 26
11.25 44 46 40
15 58 61 5t
Av Settling Rate - 155mm/min
75ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 10 12 11
7.5 19 23 24
11.25 29 35 36
15 41 47 47
Av..Settling Rate - 206mm/min
Time 4 Time 5 Ave a
15 14 14.8 0.8
25 30 28.2 2.5
39 44 42.6 3.0
56 62 58.2 3.4
Time 4 Time 5 Ave a
9 10 10.4 1.1
19 21 21.2 2.3
28 33 32.2 3.6
38 45 43.6 4.0
150ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 7 8 7
7.5 15 16 15
11.25 24 25 25
15 33 35 36
Av Settling Rate - 265mm/min
225ppmDust Addition
Depth Time 1 Time 2 Time 3
3.75 6 7 7
7.5 11 13 14
11.25 20 21 23
15 28 29 31
Av Settling Rate - 302mm/min
Time 4 Time 5 Ave a
7 8 7.4 0.6
14 15 15 0.7
23 23 24 1.0
32 34 34 1.6
Time 4 Time 5 Ave a
7 7 6.8 0.5
14 16 13.6 1.8
24 23 22.2 1.6
31 30 29.8 1.3
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 6 6 6
7.5 11 12 13
11.25 17 20 19
15 23 25 25
Av Settling Rate - 366mm/min
Time 4 Time 5 Ave a
6 5 5.8 0.5
13 12 12.2 0.8
21 18 19 1.6




Flocculant Addition 15ppm  
O ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 8 8 8
7.5 24 18 19
11.25 37 29 31
15 48 41 41
Av Settling Rate - 215mm/min
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 7 6 7
7.5 16 14 14
11.25 25 24 23
15 34 34 31
Av..Settling Rate - 281mm/min
150ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 6 7 6
7.5 14 15 14
11.25 23 23 22
15 31 30 29
Av Settling Rate - 308mm/min
225ppmDust Addition
Depth Time 1 Time 2 Time 3
3.75 6 5 5
7.5 11 11 10
11.25 17 15 15
15 22 20 20
Av Settling Rate - 450mm/min
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 5 5 4
7.5 10 9 9
11.25 14 13 14
15 18 18 19
Av Settling Rate -500mm/min
Time 4 Time 5 Ave a
8 9 8.2 0.5
20 20 20 2.3
30 33 32 3.2
39 42 42.2 3.4
Time 4 Time 5 Ave a
7 7 10.4 0.5
15 21 15 2.9
24 33 24.4 4.1
33 45 33.2 5.5
Time 4 Time 5 Ave a
6 5 6.2 0.7
13 12 14 1.1
18 20 21.5 2.2
25 29 29 2.3
Time 4 Time 5 Ave a
4 4 5.5 0.8
10 9 10.2 0.8
15 13 15 1.4
19 18 20 1.5
Time 4 Time 5 Ave a
5 4 4.5 0.6
10 9 9.2 0.6
15 13 13.5 0.8





O ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 14 15 13 15 14 14.2 0.8
7.5 30 29 27 32 31 29.8 1.9
11.25 43 43 42 50 45 44.6 3.2
15 63 61 55 70 5? 61.6 5.5
Av Settling Rate - 146mm/min
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 11 11 12
7.5 24 22 24
11.25 36 34 35
15 48 46 46
Av..Settling Rate - 188mm/min
150ppm Dust Addition
Depth Time 1 Time 2 Time 3
3.75 9 11 9
7.5 19 20 20
11.25 27 33 33
15 36 44 41
Av Settling Rate - 220mm/min
225ppmDust Addition
Depth Time 1 Time 2 Time 3
3.75 9 9 8
7.5 19 18 17
11.25 28 25 25
15 37 34 33
Av Settling Rate - 251mm/min
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3
3.75 6 6 6
7.5 11 12 13
11.25 19 20 20
15 27 28 27
Av Settling Rate - 326mm/min
Time 4 Time 5 Ave <y
14 12 12 1.2
25 25 24.2 1.5
38 39 36.4 2.1
49 51 48 2.1
Time 4 Time 5 Ave a
11 10 10 1.0
21 19 19.5 0.8
32 30 30.5 2.6
43 40 41 3.1
Time 4 Time 5 Ave a
9 9 8.8 0.5
18 20 18.4 1.1
27 29 27 1.6
37 38 35.8 2.2
Time 4 Time 5 Ave a
7 7 6.4 0.6
11 13 12 1.0
19 20 19.6 0.6





O p p m  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 13 14 13 12 12 12.8 0.8
7.5 28 23 25 25 23 25 2.1
11.25 39 34 40 37 35 37 2.6
15 48 45 50 50 46 47.8 2.3
Av Settling Rate - 188mm/min
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 10 8 8 10 10 9.2 1.1
7.5 18 15 16 18 18 17 1.4
11.25 25 24 25 29 30 26.8 2.6
15 34 35 35 40 40 36.8 3.0
Av..Settling Rate - 245mm/min
150ppm Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 10 8 9 9 9 9 0.7
7.5 16 14 18 17 16 16.2 1.5
11.25 24 22 25 25 23 24 1.6
15 31 30 33 
Av Settling Rate - 288mm/min
32 30 31.2 1.3
225ppmDust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 8 7 6 7 7 7 0.7
7.5 13 13 12 13 13 12.8 0.5
11.25 19 20 20 21 20 20 0.7
15 25 25 25 
Av Settling Rate - 346mm/min
25 27 25 0.7
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 7 6 6 6 6 6.2 0.5
7.5 12 12 12 12 12 11.8 0
11.25 18 19 16 18 18 17.8 1.1
15 24 25 22 24 25 24.2 1.5





O p p m  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 11 10 10 10 9 10 0.7
7.5 21 19 19 23 18 19.4 1.1
11.25 32 31 30 31 29 30.6 1.1
15 43 42 43 42 39 41.2 1.6
Av Settling Rate - 218mm/min
75ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 8 8 8 9 8 8.2 0.5
7.5 15 17 16 16 15 15.8 0.8
11.25 22 24 25 24 23 23.6 1.8
15 30 32 34 
Av..Settling Rate - 281mm/min
32 31 32 1.5
150ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 6 6 7 6 7 6.7 0.8
7.5 11 12 13 13 12 12.5 0.8
11.25 16 17 19 23 23 18.7 1.8
15 21 22 25 
Av Settling Rate - 364mm/min
25 23 24.7 2.9
225ppmDust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 6 5 5 5 6 5.5 0.6
7.5 12 11 10 10 10 10.8 0.9
11.25 16 17 16 15 15 16 0.8
15 21 22 21 
Av Settling Rate - 418mm/min
20 22 21.5 0.8
300ppm  Dust Addition
Depth Time 1 Time 2 Time 3 Time 4 Time 5 Ave a
3.75 5 4 5 6 5 5 0.7
7.5 10 10 9 11 9 9.8 0.8
11.25 16 15 13 16 14 14.8 1.3
15 21 23 18 21 19 19.8 1.3
Av Settling Rate - 455mm/min

